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Atomically precise silver clusters for efficient
chlorocarbon degradation†

M. S. Bootharaju,‡ G. K. Deepesh,‡ T. Udayabhaskararao and T. Pradeep*

We describe the degradation of chlorocarbons (CCl4, C6H5CH2Cl and CHCl3) in solution at room

temperature (27 � 4 �C) by the monolayer-protected silver quantum cluster, Ag9MSA7 (MSA:

mercaptosuccinic acid) in the presence of isopropyl alcohol (IPA). The main degradation products were

silver chloride and amorphous carbon. Benzyl chloride was less reactive towards clusters than CCl4 and

CHCl3. Materials used in the reactions and the reaction products were characterized using several

spectroscopic and microscopic tools such as ultraviolet-visible (UV/Vis) absorption spectroscopy, Fourier

transform infrared spectroscopy (FTIR), photoluminescence spectroscopy, X-ray diffraction (XRD), Raman

spectroscopy, X-ray photoelectron spectroscopy (XPS), energy dispersive analysis of X-rays (EDAX) and

scanning electron microscopy (SEM). We have shown that clusters are more efficient for the

degradation of halocarbons than the corresponding monolayer-protected nanoparticles (Ag@MSA,

particle diameter 15 � 5 nm) at a given time and temperature. The higher reactivity of clusters is

attributed to their small size and large surface area. Clusters and nanoparticles were used for reactions

in supported (on neutral alumina) and unsupported forms. A possible mechanism for the reaction has

been postulated on the basis of experimental results.
Introduction

Research on noble metal (silver and gold) quantum clusters1,2

has become increasingly fascinating in the last two decades.
Quantum clusters, composed of a few tens to hundreds of
atoms at the core and protected with ligands, are the connecting
link between nanoparticles and molecules which exhibit
molecular optical properties like absorption,3,4 emission,5,6

chirality,7 etc. These nanosystems are very interesting because
they show several applications in various elds such as catal-
ysis,8,9 biology,10 environmental remediation,11 etc. They are
highly reactive due to their extremely small size and large
surface area. They show unusual reactivity with salts.12 Metal
clusters exhibit the property of alloying with other metals.13,14

Clusters have been used for sensing metal ions15–17 and anions18

by using their luminescence property.
The environment has been contaminated by a large number

of pollutants like organic halides19 (chlorourocarbons (CFC),
C2Cl4, C2ClF3, CCl4, etc.), heavy metals20 (Hg, Pb, Cd, Cr, etc. in
various forms), energetic materials21 (hexahydro-1,3,5-trinitro-
rtment of Chemistry, Indian Institute of

ia. E-mail: pradeep@iitm.ac.in

ESI) available: SEM elemental analysis
ters, UV/Vis absorption spectrum and
S, XRD, Raman and EDAX data of the
ported clusters and CCl4. See DOI:

.

Chemistry 2013
1,3,5-triazine (RDX) and 2,4,6-trinitrotoluene (TNT)), and many
others. Halocarbons are harmful trace components in water
and air, either in the context of biological toxicity or due to their
global warming potential or undesirable atmospheric chem-
istry.22 The main sources of these are cleaning solvents, lubri-
cants, plasticizers and refrigerants. Several of these have been
replaced by less harmful chemicals. However, many of them
continue to be used due to economic considerations or the lack
of suitable replacements. CCl4 is a widely used solvent in
industry, research laboratories, dry cleaning, etc.23 It is carci-
nogenic and it can persist in ground and surface waters. Due to
this, it is one of the complex contaminants. The maximum
allowed level of CCl4 in surface water is 5 mg L�1.24 CFCs cause
depletion of the ozone layer.25 Various methods such as
photodecomposition,26 incineration,27 photocatalysis28,29 and
adsorption30 are developed to eliminate halocarbons from
the environment. Chlorinated halocarbons are degraded by
reductive mechanisms.31 There are four types of reductive
mechanisms: hydrogenolysis, elimination, dehydrohalogena-
tion and hydrogenation.

Nanoparticles are increasingly used for environmental
applications due to increased amount of contaminants in soil
and groundwater.32 Common nanoparticles used for halo-
carbon degradation in the literature are iron in oxide and zero-
valent forms,31 MgO33 and ZnO.34 In most of the above studies,
nanoparticles form corresponding metal halides as principal
products at high temperatures. Recently, noble metal and
oxide nanoparticles have been studied in the degradation of
J. Mater. Chem. A, 2013, 1, 611–620 | 611
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halocarbons.35 Our research group has pioneered the use of
noble metal nanoparticles for the removal of pesticides and
halocarbons from drinking water.36–40

The standard Gibbs free energy change of formation (DfG
0) of

AgCl(s) and CCl4(l) are �109.8 and �65.2 kJ mol�1, respectively.
The net free energy change for the reaction 4Ag(s) + CCl4(l) /
4AgCl(s) + C (graphite) is �374.0 kJ mol�1. This indicates that
the above reaction is feasible at 298 K and 1 atm pressure. The
cell electromotive force (emf), E0cell, for the reduction of CCl4 by
silver (in the above reaction) is calculated to be 0.97 V using the
equation DfG

0 ¼ �4FE0cell, where F is Faraday’s constant
(96 500 C or J/V). The reaction may be slow but it is feasible.
However, by using materials at the nanoscale, particularly silver
at the nano/cluster length scale, the reduction potential is
expected to reduce signicantly as nanoscale silver is metastable
with respect to the bulk. Due to the reduced dimension, the
reaction is likely to be kinetically more favorable. Therefore, we
may see interesting reactivity. This motivated us to study the
reaction of CCl4 with silver quantum clusters.

In the context of environmental applications, there are only a
few studies on metal clusters. A study of sensitivity of Au25
clusters, one of the most studied clusters, to various metal ions
was performed by Habeeb Muhammed and Pradeep.12 Subse-
quently, a number of studies have shown the effect of metal ions
on monolayer-protected as well as protein-protected gold clus-
ters.10,15,41 Sensing experiments have been performed with silver
clusters as well.16,17 There is a large need to develop techniques
to use such materials as commercial products. Here, we utilized
Ag9 clusters protected with mercaptosuccinic acid (MSA) for the
complete catalytic degradation of CCl4, CHCl3 and C6H5CH2Cl
at room temperature. The reaction products were AgCl,
CCl3COOH, amorphous carbon and acetone. We found that
isopropyl alcohol (IPA), used to increase the solubility of halo-
carbons in water, is very important in the reaction. Mechanistic
aspects of the reaction are discussed based on experimental
results. We propose that Cl� ions, which are formed due to the
cleavage of Cl3C–Cl, replace the thiolates on the surface of the
cluster. As a result, stability of the cluster is lost which causes
the interaction of silver with Cl�, leading to the formation of
AgCl. The detached thiolates are converted to stable sulphites/
sulphates in solution, the presence of which was conrmed by
XPS. We demonstrate the increased efficiency of clusters for
halocarbon degradation compared to analogous MSA protected
silver nanoparticles. Reactions were carried out with clusters
supported on alumina also, in which observations similar to
unsupported clusters were noted.
Experimental section
Materials

Silver nitrate (CDH, India), mercaptosuccinic acid (MSA),
sodium borohydride (Sigma Aldrich), methanol, ethanol,
isopropyl alcohol (IPA), carbon tetrachloride (CCl4), benzyl
chloride (C6H5CH2Cl) and chloroform (CHCl3) (SRL Chemical
Co. Ltd., India) were purchased from various sources and used
as such without further purication. Neutral alumina was
612 | J. Mater. Chem. A, 2013, 1, 611–620
supplied by SRL, India. The surface area and the mean particle
size were 900 � 50 cm2 g�1 and 0.13 mm, respectively.

Synthesis of silver clusters

The Ag9MSA7 cluster was synthesized according to the reported
protocol.42 Briey, 47 mg of AgNO3(s) and 187 mg of MSA(s)
were ground until the mixture turned orange due to the
formation of Ag-thiolates. Aer that, about 50 mg of NaBH4(s)
was added to it and grinding was continued for 2–3 minutes. To
this, 10 mL of distilled water was added which led to the
formation of clusters. The cluster was precipitated by the
addition of ethanol. The precipitate was washed several times
with pure methanol to remove excess NaBH4, MSA and thio-
lates. Finally, a reddish brown powder of the clusters was
obtained aer evaporation of methanol using a rotavapor.

Synthesis of Ag@MSA nanoparticles

Ag@MSA nanoparticles were prepared as per the previous
report.20 Nearly 1.7 mL of distilled water containing 85 mg of
AgNO3 was added to 100 mL of methanol containing 448.9 mg
of MSA which was kept at 0–5 �C. The resulting solution was
stirred at 4000 rpm. 25 mL of freshly prepared 0.2 M NaBH4

solution was added to the above solution drop-wise. Stirring was
continued for 45 minutes at 0–5 �C. The mixture containing the
precipitate of nanoparticles was centrifuged and the residue
was washed with methanol to remove excess MSA and NaBH4.
Finally, a black powder of nanoparticles was obtained by
evaporating methanol using a rotavapor.

Preparation of supported clusters and nanoparticles on
neutral alumina

Loading of clusters was done by the addition of cluster solution
(known amount) to a calculated amount of alumina followed by
shaking with a mechanical shaker. The color of the solution
disappeared immediately, indicating adsorption of clusters on
alumina. The addition of cluster solution and shaking were
continued until the supernatant retained the color of the cluster
solution, indicating saturation loading. The supernatant at this
stage showed the absorption features of the clusters, indicating
the saturation of the alumina surface with adsorbed clusters.
The saturation limit was found to be 10 mg per gram of
alumina. Aer surface saturation, the supernatant was removed
by centrifugation. Supported clusters were washed with water
followed by methanol to remove the excess cluster. A solvent-
free material was obtained by evaporation using a rotavapor.
The same method was followed to prepare Ag@MSA nano-
particles supported on neutral alumina.

Reaction of halocarbons with clusters and nanoparticles

Nearly 5 mL of CCl4 was added to the cluster solution (25 mg in
30 mL water). To this, 10 mL of isopropyl alcohol (IPA) was
added. Here, the importance of IPA was to increase the misci-
bility of CCl4 in the reactionmixture (solubility of CCl4¼ 800mg
L�1 in water at 298 K). The above mixture (orange red color) was
stirred at 4000 rpm for 24 h at room temperature. The CCl4 layer
This journal is ª The Royal Society of Chemistry 2013
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disappeared and a grey colored precipitate was formed aer
1.5 h. These observations indicate the occurrence of reaction
between clusters and CCl4. Reactions were carried out in meth-
anol and ethanol as well in place of IPA. In these cases, no
reaction was seen. A probable reason is that oxidation of IPA is
more facile than other alcohols (methanol and ethanol). Other
halocarbons, CHCl3 and C6H5CH2Cl, were used in place of CCl4
under identical experimental conditions. A precipitate was
formed aer 24 h in the case of benzyl chloride, indicating less
reactivity. In the case of supported clusters, 500 mg of the
material was used under the above experimental conditions.
Similar quantities of Ag@MSA nanoparticles (both unsupported
and supported) were also used for the reaction of halocarbons.
Instrumentation

UV/Vis absorption spectra were recorded with a PerkinElmer
Lambda 25 instrument in the spectral range of 200 to 1100 nm.
FTIR spectra were recorded with a PerkinElmer Spectrum One
instrument. KBr crystals were used as the matrix for preparing
the samples. X-ray photoelectron spectroscopy (XPS) measure-
ments were done using an Omicron ESCA Probe spectrometer
with polychromatic Mg Ka X-rays (hn ¼ 1253.6 eV). Experiments
were carried out at an X-ray power of 300 W and pass energies of
50 eV for survey scans and 20 eV for specic regions. The base
pressure of the instrument was 5.0 � 10�10 mbar. The binding
energy was calibrated with respect to the adventitious C 1s
feature at 285.0 eV. Most of the spectra were deconvoluted to
their component peaks using the soware CASA XPS. Scanning
electron microscopy (SEM) and energy dispersive analysis of
X-rays (EDAX) were performed using a FEI QUANTA-200 SEM.
For the SEM measurements, samples were spotted on an
indium tin oxide (ITO)-coated conducting glass and dried in
ambience. X-ray diffraction (XRD) data were collected with a
Shimadzu XD-D1 diffractometer using Cu Ka (l ¼ 1.54 Å)
radiation. The samples were scanned in the 2q range of 10 to
Fig. 1 (A) UV/Vis absorption spectrum of as-synthesized Ag9MSA7 clusters. Inset of
show emission at 726 nmwhen excited at 590 nm, at 5 �C. (B) Comparison of the FTIR
absence of S–H stretching in (b).

This journal is ª The Royal Society of Chemistry 2013
90�. The electrospray ionization mass spectrometry (ESI MS)
measurements were done in the negative and positive
modes using a MDX Sciex 3200 QTRAP MS/MS instrument
having a mass range of m/z 50–1700, in which the spray and the
extraction are orthogonal to each other. The samples were
electrosprayed at a ow rate of 10 mL min�1 and an ion spray
voltage of 5 kV. The spectra were averaged for 100 scans. MS/MS
spectra were collected at optimized collision energies in the
range of 25–45 eV.
Results and discussion
Starting materials: clusters, nanoparticles and supported
materials

Silver nanoclusters (Ag9MSA7) and Ag@MSA nanoparticles have
been well characterized as per other reports20,42 and we present
here only the essential data. As-synthesized silver clusters show
characteristic UV/Vis absorption features at 450, 490, 626 and
886 nm (Fig. 1A). These clusters showed red emission at 726 nm
when excited at 590 nm in a water–methanol mixture at 5 �C
(inset of Fig. 1A). These two data prove the formation of clusters.
The evidence for the binding of MSA to the cluster core was
obtained by FTIR analysis (Fig. 1B). Pure MSA shows a charac-
teristic –CO– of free carboxylate and S–H stretching peaks at
1700 and 2566 cm�1, respectively (trace (a)). In the cluster
sample, carboxylate stretching mode got shied to 1576 cm�1

and the S–H stretching peak was absent (trace (b)). The presence
of characteristic peaks of MSA in clusters (trace (b)) with a
characteristic shi in peak positions in comparison to parent
MSA (trace (a)) conrms the binding of MSA. The absence of the
S–H feature (marked in trace (a)) in the cluster sample shows
the binding of MSA with the cluster through an Ag–S linkage.42

The chemical nature of silver and sulphur was conrmed by XPS
(discussed later).

Supported clusters on alumina were characterized by SEM
EDAX and the data are shown in Fig. S1 of ESI.† The spectrum
(A) is the photoluminescence excitation and emission spectra of the clusters. They
spectra of MSA and Ag9MSA7 (traces (a) and (b), respectively); the latter shows the

J. Mater. Chem. A, 2013, 1, 611–620 | 613
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shows the presence of elements silver and sulphur which
conrms the adsorption of clusters. Important evidence to show
the presence of clusters on alumina is the red luminescence of the
supported cluster kept under a UV lamp at liquid nitrogen
temperature (inset of Fig. S1†). Bare alumina does not show any
luminescence under UV lamp. The Ag@MSA nanoparticles were
characterized by absorption spectroscopy. Silver nanoparticles
show a surface plasmon resonance band at 392 nm which proves
the formation of nanoparticles (Fig. S2†). TEM analysis of nano-
particles shows the average size to be 15� 5 nm (inset of Fig. S2†).
Reaction with CCl4

We performed reactions with unsupported and supported
clusters (on alumina) which are presented separately.
Fig. 2 XRD of as-prepared AgCl (a) and the product (b) obtained due to the
reaction of Ag9MSA7 with CCl4. The data have not been corrected for the
background.

Fig. 3 (A) Raman spectra of the reaction product of Ag9MSA7 and CCl4 before and
of the reaction product before washing. Inset of (B) is the FTIR spectra of parent clu

614 | J. Mater. Chem. A, 2013, 1, 611–620
A. UNSUPPORTED CLUSTERS. The reactions were performed as
described in the Experimental section. We have products in the
solid state and products in solution. While the former are
studied by XRD, Raman, IR, etc., the latter are studied by mass
spectrometry. The grey colored precipitate and colorless
supernatant obtained aer the reaction of CCl4 and clusters
were characterized with various analytical tools. The XRD
pattern of the precipitate is shown in Fig. 2. It matches exactly
with as-prepared AgCl (a precipitate obtained aer mixing
solutions of AgNO3 and NaCl). This observation conrms the
formation of AgCl as the reaction product.

The precipitate was used for Raman analysis before and aer
washing with ammonia solution (Fig. 3A). The purpose of
washing with ammonia was to remove AgCl as a soluble
complex, [Ag(NH3)2]

+Cl�. Aer that, the solution was centri-
fuged at 10 000 rpm. A black residue was obtained which was
analyzed by Raman spectroscopy. The unwashed precipitate
(trace (a)) shows the presence of peaks at �1408 and
�1575 cm�1. These are attributed to D and G bands of carbo-
naceous species which is due to the formation of carbon from
degradation of CCl4.43 Aer washing with ammonia, the peaks
got shied to �1357 and �1590 cm�1 (trace (b)). This shi may
be due to the removal of impurities like AgCl which are soluble
in ammonia. The red shi of the D bandmay be due to variation
in defects (due to washing with NH3 solution) of the graphitic
structure and the blue shi of the G band is due to further
amorphization of carbon due to removal of impurities.44

Comparison of FTIR data of the reaction product (Fig. 3B) and
the parent cluster (trace (a) in the inset of Fig. 3B) further
supports the formation of the carbonaceous material. The
stretching modes of the carboxylate group at 1576 and
1407 cm�1 are completely absent in the reaction product (trace
(b) in the inset of Fig. 3B). This conrms the removal of a
monolayer of MSA from the cluster. The peak at 1625 cm�1 in
traces (a) and (b) is due to adsorbed water. A strong peak at
1384 cm�1 has emerged due to the presence of carbonaceous
after washing ((a) and (b), respectively) with aqueous ammonia. (B) FTIR spectrum
sters (a) and the reaction product (b) in a specific region.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 EDAX spectrum of the product obtained after the reaction of the Ag9MSA7 cluster with CCl4. The quantification table of elements in the EDAX spectrum is also
shown. Si, In and Sn are due to the indium tin oxide substrate used. (a) and (b) are SEM images of the above sample. Elements Ag, Cl, C and S of the region shown in (b)
are mapped in (c)–(f), respectively using X-ray energies of Ag La, Cl Ka, C Ka and S Ka.

Paper Journal of Materials Chemistry A

D
ow

nl
oa

de
d 

by
 I

nd
ia

n 
In

st
itu

te
 o

f 
T

ec
hn

ol
og

y 
C

he
nn

ai
 o

n 
25

 F
eb

ru
ar

y 
20

13
Pu

bl
is

he
d 

on
 1

5 
O

ct
ob

er
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2T

A
00

25
4J

View Article Online
species which conrms the formation of carbon, possibly as a
graphitic product.45 The other peaks at 2924 and 2852 cm�1 in
Fig. 3B are due to the C–H stretching mode in graphitic carbon.
The presence of chemically transformed sulphur species
(sulphite/suphate) which are adsorbed on the reaction product
and the absence of carboxylate features were conrmed by XPS
(discussed later). From all these, it is evident that a monolayer
of the cluster has been transformed chemically. However, the
mechanism is complex and is not understood well.

SEM analysis of the precipitate is given in Fig. 4. Fig. 4a is a
large area SEM image. It shows the presence of AgCl crystals.
The elemental maps of the area shown in (b) are presented in
(c)–(f). They clearly show the presence of elements Ag, Cl and a
little amount of C. The EDAX spectrum collected from a portion
of the sample is shown in Fig. 4. It shows the presence of
elements Ag, Cl and trace amounts of S. The quantication table
of elements of the same area (in Fig. 4) shows the presence of Ag
and Cl in 1 : 1 atomic ratio which matches with AgCl compo-
sition. Also it shows the atomic percent of C and S in which
sulphur was seen less in quantity.

In Fig. 5, XPS data of the precipitate (traces (b)) are compared
with parent silver clusters (traces (a)). In the survey spectra of
both the samples, carbon, silver, sulphur and oxygen were
This journal is ª The Royal Society of Chemistry 2013
present (Fig. 5A). Aer the reaction, a new peak around 200.0 eV
appears due to the presence of chlorine. The C 1s regions of the
cluster and the reaction product clearly indicate the almost
complete disappearance of the peak at 288.9 eV due to the
carboxylate46 groups in the product (Fig. S3†). This observation
is also supported by FTIR analysis which conrms the replace-
ment of the ligand MSA on the cluster. The intensity of the peak
at 286.5 eV (due to carbon in C–O) increased compared to the
parent clusters. The Ag 3d regions of both the samples are
compared in Fig. 5B. Before the reaction, Ag 3d5/2 appeared at
368.1 eV whereas it is at 367.6 eV aer the reaction. This clearly
reveals the oxidation of silver from Ag0 to Ag+ state.16 Note that
in Ag, oxidation leads to shiing of binding energy to lower
values.16 The S 2p region due to the monolayer of the cluster is
shown in Fig. 5C. Before the reaction, S 2p3/2 was at 162.1 eV
assigned to sulphur bound to the cluster in the thiolate form.
Aer the reaction, it shied to 168.5 eV. This suggests the
chemical change of the monolayer due to the reaction of the
cluster core. This peak is assigned to sulphate/sulphite
species.47 The Cl 2p feature (Fig. 5D) is quite broad and it is
tted into two components corresponding to two types of Cl
moieties. The Cl 2p3/2 positions are at 198.9 and 201.1 eV. The
former peak may be due to chemisorbed chloride48 possibly
J. Mater. Chem. A, 2013, 1, 611–620 | 615
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Fig. 5 XPS of parent Ag9MSA7 clusters (a) and the product obtained after the reaction of clusters with CCl4 (b). (A–D) survey spectra, Ag 3d, S 2p and Cl 2p regions,
respectively.
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from AgCl and the latter may be due to adsorbed organic
chlorine, possibly from CCl4.39,49 While all the silver got reacted
in this sample, there could be some CCl4 le behind.
Fig. 6 (A) Plot of pH of the reaction product of Ag9MSA7 + CCl4 with time. The estim
supernatant (b) of the above reaction, after 8.0 h. (B) Comparison of positive mode

616 | J. Mater. Chem. A, 2013, 1, 611–620
During the progress of the reaction, we have followed the
variation in pH of the solution with time (Fig. 6A). Initially, the
pH of the reactionmixture was 5.7. The pH aer 1.0, 2.0, 3.0 and
ated error is 5%. Inset is the absorption spectra of pure acetone (a) and that of the
ESI MS of IPA and the reaction mixture (traces (a) and (b), respectively).

This journal is ª The Royal Society of Chemistry 2013
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4.0 h of the reaction was 4.7, 1.8, 1.6 and 1.5, respectively. This
clearly indicates the increase in the acidity of the reaction
mixture. The release of H+ can be due to the oxidation of IPA to
acetone during the reaction. The UV/Vis absorption spectra of
the supernatant of the reaction mixture and of acetone are
compared in the inset of Fig. 6A. Pure acetone (trace (a)) shows
an absorption maximum in water at 265 nm due to n–p* tran-
sition of the carbonyl group. The presence of an identical peak
at 265 nm (trace (b)) in the reaction mixture conrms the
formation of acetone from IPA.50 Formation of acetone was
further conrmed by comparison of ESI MS of IPA and reaction
products in solution (Fig. 6B). IPA (trace (a)) shows an intense
peak atm/z 45.0 which is assigned to CH3C(OH)H+. The reaction
product (trace (b)) shows the disappearance of the peak at m/z
45.0 (due to IPA) with the appearance of a new peak at m/z 43.0
assigned to CH3CO

+. The molecular ion peak of acetone was
also seen at m/z 59.0. Interestingly, ESI MS data (Fig. S4†) of the
reaction product show the formation of CCl3COO

� which was
tentatively assigned using mass spectrometry/mass spectrom-
etry (MS/MS) analysis. In Fig. S4A,† trace (a) is the positive mode
ESI MS of the reaction mixture in which no MSA peak at m/z
151.0 was noticed. Trace (b) is in negative mode where the peaks
Fig. 7 (A) and (B) XPS survey spectrum and expanded Ag 3d region, respectively of t
Cl 2p and S 2p regions in the XPS of the same sample. (C) Photographs of the reacti
(0.0 h). The CCl4 layer is seen separately at the bottom. Photographs (al) and (bl) are
(bl). An enlarged photograph of the marked area of (bl) is shown in (d).

This journal is ª The Royal Society of Chemistry 2013
at m/z 196.0 and 161.0 are seen. The MSA peak at m/z 149.0 was
not noticed here as well. The absence of parent MSA peaks aer
the reaction indicates the chemical transformation of detached
ligands. The peak atm/z 196.0 is assigned to CCl4COO

�. MS/MS
of m/z 196.0 gives the peak m/z 161.0 due to the loss of 35Cl
(Fig. S4B†). MS2 of m/z 198.0 gives 161.0 and 163.0 due to the
loss of 37Cl and 35Cl, respectively. Similar losses were seen
in MS2 of m/z 200.0 and 202.0. The species CCl4COO

�

(or [CCl3COO]Cl
�) may be formed by halogen attachment to

CCl3COO
�. Above assignments were again checked by

comparing the calculated and experimental mass spectra for
the above species which show an exact match (Fig. S4C and D†).
Formation of CCl3COO

�may be explained as follows. Oxidation
of acetone may be continued to form CH3COOH by active Cl
species formed in the reaction (active Cl species can act as
oxidizing agents) followed by the formation of chlorinated acid.
However, more studies are essential to understand the forma-
tion mechanism of such species. A possible chemical equation
for the above reaction can be written as follows. The changes
observed in the monolayer are not included in the reaction as
we do not know the exact mechanism of the chemical trans-
formation of the ligand.
he product of the reaction between Ag9MSA7 and benzyl chloride. Insets of (A) are
on mixtures of (a) Ag9MSA7 + CCl4 and (b) Ag@MSA nanoparticles + CCl4 initially
of corresponding mixtures after the reaction for 1.5 h. Unreacted CCl4 is marked in

J. Mater. Chem. A, 2013, 1, 611–620 | 617
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Table 1 Comparison of various nanomaterials used for the degradation of chlorocarbons

Nanomaterials Halocarbons Process Conditions Products Remarks Ref.

Elemental iron
and zinc

CCl4 Reductive
dechlorination

Ambient
conditions

Free metal ions,
CHCl3 and H2

Kinetics depends on pH,
surface area, etc.

51

Pd/C, Rh/C, Ru/C
and Pt/C

Polychlorinated
biphenyls (PCBs)

Catalytic
dechlorination

2-Propanol, aq.
NaOH, 82 �C

Biphenyl and
phenylcyclohexane

Complete dechlorination
in �2–3 h

52

TiO2 (30 nm)
suspension

CHCl3, CHBr3,
and CCl3COO

�
Photocatalysis pH > 11, H2O

+ CH3OH
CO, CO2 and Cl� Xe arc lamp at 910 W,

2 h irradiation
53

Subcolloidal
Fe/Ag particles
(<0.1 mm size)

Hexachlorobenzene
(HCB)

Reductive
dehalogenation

Room temperature,
in water

Tetra-, tri-, and
dichlorobenzenes

Complete dehalogenation
in 24 h

54

Charge stabilized
Ag and Au NPs
(10–150 nm)

CCl4, C6H5CH2Cl,
CHCl3, CH2Cl2, etc.

Catalytic
degradation

2-Propanol + water,
28 �C

AgCl, C and acetone Complete destruction
in 12 h

35

TiO2 (40 and
80 nm)

CCl4 Thermal
decomposition

<550 �C,
gaseous CCl4

CO, CO2, COCl2,
Cl2, C, TiCl4, HCl and
titanium oxychloride

Particles of size 40 nm
are more reactive
than 80 nm

55

Monolayer-
protected Ag clusters
(<1 nm size)

CCl4, C6H5CH2Cl
and CHCl3

Catalytic
degradation

2-Propanol + water,
28 �C

AgCl, C, acetone and
CCl3COOH

Complete destruction
within 3 h

Present
study
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Ag9MSA7(aq.) + (CH3)2CHOH + CCl4 / C + AgClY +

(CH3)2CO + 2H+

B. SUPPORTED CLUSTERS. Clusters supported on neutral
alumina were also used for the study of degradation of CCl4.
Reaction products were characterized by XRD, Raman and SEM
EDAX. XRD (Fig. S5A†) conrms the formation of AgCl and
Raman analysis (Fig. S5B†) reveals the presence of the carbo-
naceous material due to the degradation of halocarbon. EDAX
analysis shows clearly the presence of Cl, Ag and S (Fig. S6†).
The quantication table of elements also supports the forma-
tion of AgCl which shows the silver to chlorine atomic ratio as
Scheme 1 Schematic representation of the degradation of halocarbon, CCl4, by s
detected are not marked.

618 | J. Mater. Chem. A, 2013, 1, 611–620
1 : 1 (inset of Fig. S6†). Other halocarbons like CHCl3 and
C6H5CH2Cl were also degraded by unsupported and supported
clusters giving silver chloride and amorphous carbon as the
products (data are not shown). Time taken for complete
destruction of CHCl3 is comparable to the CCl4 case, whereas
for benzyl chloride, it was more. The possible reason is its
complete immiscibility in the reaction mixture. XPS data of the
reaction products of benzyl chloride and clusters are shown in
Fig. 7A and B. A survey spectrum indicates the presence of
elements C, O, Ag, S and Cl (Fig. 7A). The peak of Ag 3d5/2 at
367.7 eV conrms the presence of silver in the +1 oxidation state
formed due to the reaction (Fig. 7B). The chemical change of the
monolayer has been conrmed by the presence of S 2p3/2 at
ilver clusters along with other chemical transformations. All the chemical species

This journal is ª The Royal Society of Chemistry 2013
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168.5 eV (inset of Fig. 7A). The nature of Cl has been understood
from the peak of Cl 2p3/2 at 198.2 (inset of Fig. 7A). This is due to
Cl� from AgCl. It is important to recall that as the reaction was
complete in this case, no unreacted chlorine feature was
detected.

It is good to compare the efficiency of degradation of
halocarbons by quantum clusters with the corresponding
nanoparticles. For that, the same quantities (25 mg) of clusters
and nanoparticles were used for the degradation of 5 mL of
CCl4 under the same experimental conditions. Surprisingly, in
the case of clusters, the color of the mixture disappeared aer
1.5 h accompanied by the formation of a grey colored precipi-
tate (Fig. 7C). But, in the case of nanoparticles, reddish black
color turned to pale brown. No precipitate of AgCl was seen aer
1.5 h, and CCl4 remained at the bottom, as marked in Fig. 7b1.
The color change reects progress in the reaction. The color
change and the presence of CCl4 conrm that clusters are more
efficient for the degradation reaction. Degradation of chlor-
ocarbons by other relevant nanomaterials is compared in Table
1. This suggests that quantum clusters of silver are good
candidates for efficient degradation of chlorocarbons. Other
materials need light, high temperatures, etc. whereas in our
study we show the possibility of degradation at room tempera-
ture by simple mixing.
Mechanism

We propose the following mechanism on the basis of experi-
mental observations. Aer addition of IPA and CCl4 to the
cluster solution, adsorption of both would occur on the surface
of the cluster. Clusters play two important roles: one in cata-
lyzing the oxidation of IPA and the other in activating the
halocarbon. Formation of acetone from IPA due to catalytic
oxidation (on the surface of the cluster) has been conrmed by
UV/Vis spectroscopic analysis during the reaction. The control
experiment, i.e., a mixture of clusters (in water) and IPA, reveals
that there is no formation of acetone. Mixture of IPA and CCl4
also does not lead to the formation of acetone with time. These
observations clearly indicate the necessity of an electron
acceptor for the facile formation of H+ as indicated by the
decrease in pH of the solution. Activation of the C–Cl bond of
chlorocarbon may occur on the surface of the cluster as repor-
ted previously in the case of noble metals.56 The electrons
released in the oxidation of IPA are abstracted by activated CCl4
on the surface leading to the formation of Cl� and other active
Cl species which may act as oxidizing agents. The Cl� formed
may replace some of theMSA ligands similar to a report wherein
phenylethane thiolate on Au cluster was replaced by the halide
ion.57 As MSA is replaced by Cl�, stability of the cluster is lost
which makes silver to react to form crystalline AgCl. Once one
Ag atom from a cluster is removed to form AgCl, the other silver
atoms also take part in the reaction. The nal pH of the reaction
mixture is acidic which may also facilitate the mineralization of
CCl4. The molecules of the monolayer which are detached from
the cluster surface will be oxidized in the solution to form stable
sulphate/sulphite species (conrmed by XPS). The process is
schematically represented in Scheme 1.
This journal is ª The Royal Society of Chemistry 2013
Summary and conclusions

In summary, we have studied the reaction of mono-
layer-protected atomically precise silver clusters and nano-
particles with halocarbons at room temperature. The presence
of reaction products, silver chloride, CCl3COO

� and amorphous
carbon, was conrmed by various spectroscopic and micro-
scopic tools. A possible mechanism for the reaction is proposed
accounting for the observed products. The efficiency of clusters
in degrading halocarbons is considerably higher than the
corresponding nanoparticles. This was attributed to the smaller
size and reduced nobility of silver. Control experiments and the
measurement of pH were carried out to validate the proposed
mechanism. A limitation of this material is the non-reusability.
But the reaction product AgCl can be recovered and used to
make metallic silver or silver clusters back again.
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Energy (keV)

Element Wt % At %

O K 36.86 50.39

Al K 60.17 48.77

S K 0.48 0.33

Ag L 2.49 0.50

Total 100.00 100.00

 

Fig. S1 EDAX spectrum of supported Ag9MSA7 clusters which confirms the presence of Ag 

and S from the cluster on alumina. Insets are the quantification table of elements and a 

photograph of supported Ag9MSA7 clusters under UV lamp. Photograph was taken after 

dipping the sample bottle in liquid nitrogen. The blue scattered light around the glass bottle is 

due to scattering from condensed moisture. The emission of the cluster is red. 
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Fig. S2 UV/Vis absorption spectrum of as-synthesized Ag@MSA nanoparticles. Inset is a 

TEM image of Ag@MSA nanoparticles. 

 

 

 

 

 

 

 

 

 

Fig. S3 C 1s region of the XPS of parent Ag9MSA7 clusters (a) and the product (b) obtained 

after the reaction of clusters with CCl4.   
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Fig. S4 A) ESI MS of reaction mixture of Ag9MSA7 and CCl4 in positive and negative modes 

(traces a and b, respectively). B is MS/MS of m/z 196.0, 198.0, 200.0 and 202.0 in negative 

mode. C and D are comparisons of experimental (black traces) and calculated spectra (red 

traces) for species CCl4COO
-
 and CCl3COO

-
, respectively. 
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Energy (keV)

Element Wt % At %

C K 13.60 21.98

O K 34.17 41.46

Al K 49.84 35.85

S K 0.20 0.12

Cl K 0.53 0.29

Ag L 1.66 0.30

Total 100.00 100.00

 

 

 

 

 

 

 

Fig. S5 A) Comparison of XRD patterns of as-prepared AgCl (a) and reaction product (b) of 

CCl4 and supported clusters. B) Raman spectra of the reaction product of CCl4 and supported 

clusters before (a) and after (b) washing with ammonia solution.  

 

Fig. S6 EDAX spectrum of the reaction product of CCl4 and supported clusters showing the 

presence of Cl, Ag and S. Inset is a quantification table of elements which shows that the 

atomic ratio of Ag to S is 1:1. 
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Facile  strategy  to  make  graphenic
materials  from  cheaper  precursor
such  as asphalt.
Material  can  be made  in  solution;
also  as  anchored  on solid  substrates.
The  synthesized  material,  GSC,  was
found  to be  excellent  for  water  purifi-
cation.
The  applicability  was  demonstrated
through  batch  and  laboratory
columns  experiments.
The  capacity  was  compared  to  other
similar  adsorbents  and  was  found  to
be superior.
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a  b  s  t  r  a  c  t

An  in  situ  strategy  for  the preparation  of  graphene  immobilized  on sand  using  asphalt,  a  cheap  carbon  pre-
cursor  is  presented.  The  as-synthesized  material  was  characterized  in detail  using  various  spectroscopic
and  microscopic  techniques.  The  presence  of G  and  D bands  at  1578  cm−1 and  1345  cm−1 in  Raman  spec-
troscopy  and  the 2D  sheet-like  structure  with  wrinkles  in  transmission  electron  microscopy  confirmed
the  formation  of  graphenic  materials.  In  view  of  the potential  applicability  of  supported  graphenic  mate-
rials  in  environmental  application,  the  as-synthesized  material  was  tested  for purifying  water.  Removal
of  a dye  (rhodamine-6G)  and  a pesticide  (chlorpyrifos),  two  of  the  important  types  of  pollutants  of  con-
raphene-sand composite
esticide removal
ater purification

sphalt

cern  in  water,  were  investigated  in  this  study.  Adsorption  studies  were  conducted  in batch  mode  as  a
function  of time,  particle  size,  and  adsorbent  dose.  The  continuous  mode  experiments  were  conducted  in
multiple  cycles  and  they  confirmed  that  the material  can  be  used  for water  purification  applications.  The
adsorption  efficacy  of  the  present  adsorbent  system  was  compared  to  other  reported  similar  adsorbent
systems  and  the  results  illustrated  that  the  present  materials  are  superior.  The  adsorbents  were  analyzed

eir  re
for post  treatment  and  th

. Introduction
Graphene, a 2D sheet made up of extended carbon network, or
heir chemical analogs are promising adsorbents [1–7] and have

∗ Corresponding author. Tel.: +91 44 2257 4208; fax: +91 44 2257 0545/0509.
E-mail address: pradeep@iitm.ac.in (T. Pradeep).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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usability  was  evaluated.
© 2012 Elsevier B.V. All rights reserved.

great potential in water purification due to their unique physical
and chemical properties including high surface area [8],  antibac-
terial properties [9,10] and lesser cytotoxicity compared to carbon
nanotubes [11,12].  However, the immediate use of graphenic mate-

rials for down-to-earth applications such as water purification
is limited mainly due to the difficulty in large-scale synthesis
and post treatment-handling, including solid–liquid separation
[6,13].
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known to show this feature around 11 . River sand, used as a sub-
strate in this study, also showed a feature in the same region and at
lower carbon contents, no feature corresponding to graphene was
observed. Graphenic material formed in the study was  treated with

Fig. 1. (A and B) SEM images and (C) EDAX spectrum and the corresponding ele-
mental maps of GSC (5% loading). A higher loading was used for getting a more
clear observation of the film in SEM and EDAX mapping. Insets in (A) and (B) show
14 T.S. Sreeprasad et al. / Journal of Hazard

Discovery of chemical routes to produce graphenic materi-
ls by the oxidation of graphite to graphite oxide (GO) [14] and
ubsequent reduction to reduced graphene oxide (RGO), closely
esembling graphene with extended double bonded sp2 carbon net-
ork with edge carboxylic acid moieties [15–19] opened up the
athway for mass production of RGO. Recently, we have shown
hat RGO and chemically reduced graphene can be bound on cheap
ubstrate such as river sand and such substrates are effective in con-
aminant removal [6].  In another effort, Gao and coworkers have
emonstrated that GO-coated sand, termed as ‘super sand’, could
e used as a low-cost water purification material for the devel-
ping economies [20]. The use of GO/RGO supported on silica as
dsorbent for solid phase extraction was also reported recently
13]. These materials got wide publicity in the world news due
o their likely utility in water purification. These composites were
repared through two-step processes that involve the preparation
f graphene through relatively laborious chemical conversion of
raphite to graphite oxide [14,21] and subsequent reduction of
O by hydrazine to RGO [15]. In the second step, the GO/RGO
as immobilized onto sand via heat treatment [20] or by directly

inding them covalently onto silica [13] or by using molecular
inders [6].  However, the preparation of RGO involves the use of a
ariety of chemicals including hydrazine, P2O5 and K2S2O8 which
roduces undesirable hazardous products like, P2O3, SO2, etc.
his necessitates laborious steps including post-synthesis clean-
ng. Developing an efficient and eco-friendly graphenic adsorbent
enerated from a cheaper source is desirable for water purifica-
ion. Several graphene based composites with metals and metal
xides have also been demonstrated to be useful for this appli-
ation. As cost is an important criterion in the success of such
aterials, new approaches for their production are necessary.

fforts have been made to grow graphene from diverse sources.
ecent studies show that graphenic material can be synthesized

rom cheaper sources of carbon, like sugar [7,22] using a modified
VD process [23]. Graphene was also prepared from food, insects,
nd waste using a similar methodology [24]. This is necessary as
hemically different carbon sources are available in different parts
f the world. Among these, asphalt and various petroleum prod-
cts are important to consider. A simple synthetic route is always
referable when it comes to applications such as water purifica-
ion, where the use of chemicals should be avoided as much as
ossible.

Here, a method for the in situ preparation of graphenic mate-
ial anchored on a solid substrate starting from a cheap and locally
vailable material, asphalt, is discussed. A single-step strategy was
sed to immobilize the graphenic material on sand surface. Appli-
ation of the as-synthesized material as a water purifying medium
s reported using a pesticide and a dye as examples. Synthetic
yes mostly being non-biodegradable can have acute effects on
xposed organisms and aquatic life. Exposure to such dyes can
ause abnormal coloration and resultant reduction in photosyn-
hetic efficiency. Pesticides, designed to induce acute effects or kill
iving organisms, are highly toxic to the environment and to all liv-
ng forms including humans. We  have used rhodamine-6G (R6G),

 rhodamine dye and chlorpyrifos (CP), an organo-phosphorus
esticide in our studies. The adsorption capacity of the reported
dsorbent was compared to several other adsorbents reported
nd the superiority of the present system is demonstrated. The
imple and cost effective methodology adopted here facilitates
he preparation of large-scale graphenic material and immobi-
ization of the material on sand surface without any external
hemical agents, in a single step. This may  open up the practi-
al use of graphenic materials. The solution based processability
f the sample has also been demonstrated. However, addi-

ional experiments are needed to validate the applications of the

aterial.
Scheme 1. Schematic illustration of the formation of GSC.

2. Materials and methods

Materials, in situ synthesis of graphene-sand composite (GSC),
batch adsorption experiments, fixed-bed column experiments,
instrumentation and the mechanism for the formation of graphene
are given in supplementary data 1. The process of preparation of
GSC starting from asphalt and sand is shown in Scheme 1.

3. Results and discussion

3.1. Characterization of the graphene-sand composite (GSC)

GSC was characterized using different microscopic techniques.
Fig. 1A and B shows the SEM image of the prepared composite. The
sheet-like structure covering the surface of the sand particles indi-
cate the formation of graphenic material. Asphalt coated samples
before heating had a sticky coating over the surface and formed
aggregated clusters (insets in Fig. 1A and B). To understand the ele-
mental composition of the material, the composite was analyzed
using EDAX (Fig. 1C), where, we  can see that the major elements
present are carbon, silicon and oxygen. Inset in Fig. 1C shows the
SEM image of a GSC particle and the corresponding elemental maps.
Si and O features are due to sand (SiO2). The large C feature points
to the presence of graphenic material formed over the sand surface.

The (0 0 2) diffraction of graphite (0 0 2) appears at ∼26◦ (2�)
in CuK� powder X-ray diffraction (XRD) and as it is getting exfo-
liated, due to the increase in inter-layer spacing, this feature is
known to occur at lower values. Fully exfoliated graphite oxide is

◦

the  corresponding asphalt coated samples before heating. Clustered particles can be
seen  in the expanded figure.
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Fig. 2. (A) Photographs of the prepared graphenic material dispersed in toluene at
different wt%  of initial asphalt. (B) TEM and (C) SEM images of a graphene sheet and
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D)  Raman spectra taken from the sample showing the D and G band. Inset shows the
PS spectrum in the C 1s region. The TEM image shows foldings of 2 nm thickness

marked).

cid and has undergone heat treatment as well. Hence, the multi-
ayer structures getting formed in the study are expected to have
igher d-spacing compared pristine graphite. Our observations are
onsistent with these. A new peak was seen around 22◦ for GSC of
% loading and at 24◦ for GSC having 5% loading. This was attributed
o (0 0 2) diffraction of multilayer graphenic structures. XRD data
f GSC at these two carbon loadings and a comparison with bare
iver sand is included in supplementary data, Fig. S2.

The possibility of producing graphenic material in dispersed
hase was also investigated. The procedure employed for the
reparation of GSC was carried without the presence of sand.
he material obtained was suspended in N-Methyl-2-pyrrolidone
NMPs) by mild sonication, which points to the non-polar nature of
he material. Hence, the presence of oxygen functionalities can be
eglected [25]. This material was analyzed using microscopic and
pectroscopic techniques. Fig. 2A shows the dispersibility of the
aterial in NMP. Near perfect colloidal dispersions of the mate-

ial at different weight percentages can be seen in the figure.
ig. 2B shows the TEM taken from such a sample (0.0005 wt%).
e can see large sheets spread over �m2 area. Large num-

er of wrinkles, which characterize graphene, can be seen on
he surface confirming that the material prepared is graphenic,
omprising of thin sheets. However, in some areas of the grid
hicker sheets were also seen. Fig. 2C shows the SEM image of
uch a thick film spread over �m2 area. Hence, we can conclude
hat the present methodology predominantly gives multi-layer
raphenic structures. The sample was analyzed using Raman
nd XPS as well (Fig. 2D). Raman spectrum clearly showed a
rominent G band and a less intense D band at 1578 and 1345 cm−1,
espectively. The presence of such a peak again points to the mate-
ial being graphenic in nature. The presence of D band points
oward the presence of defects. We  attribute these defects to struc-
ural defects other than those arising from the presence of oxygen
unctionalities. Moreover, most of the functionalities are unstable
t 400 ◦C. In the present methodology, due to the presence of multi-

ayers, a larger number of grains can be present, giving rise to the
-band observed. The 2D region had a broad feature similar to
hemically prepared graphene (RGO). Presence of the D-band (and
he associated D + D′ band) and the presence multi-layer structure
aterials 246– 247 (2013) 213– 220 215

might be reducing the intensity of 2D band. To confirm the absence
of oxygen functionalities, the sample was analyzed using XPS. The
inset of Fig. 2D, shows the deconvoluted XPS spectrum in the car-
bon 1s region of the prepared material. We  can clearly see that the
carbon is unfunctionalized, nearly completely.

As the main theme of this work being the creation of a cheap
graphenic adsorbent for water purification, the supported com-
posite was  analyzed in more detail. The material was  characterized
using Raman and XPS extensively. Fig. 3A shows the Raman spectra
at different stages of GSC preparation. Initial sand showed a promi-
nent feature at 470 cm−1 (due to SiO2). However, upon coating with
asphalt, all the features disappeared (curve ii in Fig. 3A). Only a large
fluorescence background due to asphalt was  seen. Upon heating
the particle at 250 ◦C (curve iii), a small G-band started to appear.
Still, the large fluorescence background was persistent. Curve iv
shows the Raman spectrum of the final GSC sample. The sample
clearly showed a prominent G-band centered at 1578 cm−1 and a
less prominent D-band at 1345 cm−1 pointing to the formation of
graphenic material. The peak at 470 cm−1 confirmed the presence
of sand. The resulting sample was  compared with RGO supported
on river-sand sample (RGO@RS) prepared through the methodol-
ogy reported earlier [6]. Curve v shows the Raman spectra collected
from RGO@RS. We  can see that there are close similarities between
the samples, indicating that the GSC prepared is closely related to
the graphenic adsorbent in the literature [6,19].  On closer exami-
nation we can see that the intensity of the D band is much lesser in
GSC, indicating the lesser extent of defects in the sample compared
to RGO@RS. It is proposed that this may  be due to the absence of
oxygen functionalities in GSC. We  can also see that the 2D region
is more prominent in GSC compared to RGO@RS. Hence, it might
be proposed that graphene formed in the present case is of better
quality than RGO.

Panel B in Fig. 3 shows the XPS of GSC at different stages of syn-
thesis. Fig. 3B a1 shows the survey spectrum of the asphalt coated
sand sample. The C 1s region of the same sample is given in a2. We
can see that the carbon is highly functionalized with several com-
ponents other than the most prominent peak at 284.5 eV (a2). The
survey spectra (b1 and c1) show that as the heating and acid treat-
ment is done to the sample, most of the oxygen is getting removed
from the sample. This is expected since the thermal stability of most
of the functional groups is lesser than the temperature used and
due to the use of strong dehydrating agent (H2SO4). Upon heating
at 400 ◦C, these extra features disappeared to give a single compo-
nent (b2). After acid wash also only one component was seen for C
1s (c2) showing that the carbon is mostly unfunctionalized.

Carbon loading on GSC was calculated using TGA
(supplementary data Fig. S3). Pristine sand did not show any
weight loss when subjected to heat treatment. However, for 2 wt%
asphalt loaded sand, there was  a weight loss of about 0.8% indi-
cating the removal of functional groups in asphalt leaving behind
pure carbon. Using this, the exact carbon content on GSC was
calculated and different sets of composites with varying loading
(wt% loading) and varying sand particle size were prepared. Fig. 4
shows the SEM images of GSC having different carbon loading. The
sand particles to begin with were pretty clean and had no covering
on the surface (supplementary data Fig. S4). As the loading of
graphene was increased, a layer was progressively visible on the
surface (details are given in supplementary data 5). Similarly, GSC
with different sand particle size having the same loading was also
prepared (supplementary data Fig. S6).

3.2. Batch adsorption experiments
3.2.1. Parameter optimization
In this study, the R6G removal performance of the material

synthesized at various conditions were tested. The variables in
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Fig. 3. (A) Raman spectra at different stages of preparation of GSC. (i) Sand, (ii) asphalt c
of  GSC at different stages. a1, b1 and c1 are the survey spectra and a2, b2, and c2 are the
coated sand particles heated at 400 ◦C before acid wash and (c1 and c2) after acid wash (G

Fig. 4. SEM images (larger and small area) of GSC having different carbon loading
(A  and B) 0.2, (C and D) 0.5 and (E and F) 1 wt% of graphenic carbon. (G) Photographs
of  pristine sand, sand coated asphalt and GSC of different loading.
oated sand, (iii) heated at 250 ◦C, (iv) GSC and (v) RGO@RS. (B and C) XPS analysis
 corresponding C 1s spectra: (a1 and a2) asphalt coated sand, (b1 and b2) asphalt
SC).

synthesis were carbon loading, particle size and process tempera-
ture. Fig. 5A shows a direct correlation between the carbon content
and adsorption capacity. The maximum uptake was observed at a
loading of 1 wt% and further loading did not affect the adsorption
capacity greatly. The plausible reason might be that, as the loading
increases from 0.2 to 1 wt%, sand surface is progressively getting
covered by graphene resulting in large increase in the effective
surface area and at 1 wt%, a complete coverage occurs. Upon fur-
ther increase in loading, only multi-layers are getting formed which
do not increase the effective surface area significantly. Hence, no
appreciable increase in uptake capacity was  observed further.

The effect of sand particle size on the adsorption capacity was
also tested (Fig. 5B). As expected, the data show an increase in the
uptake with decrease in sand size due to the increase in effec-
tive surface area. The synthesis temperature was also optimized
through several iterations and the optimum performance was
achieved at 400 ◦C. The auto-ignition temperature of the material
is above 400 ◦C, so further increase in temperature beyond 400 ◦C
in the presence of oxygen was  not possible. The temperature was
increased to 500 ◦C under nitrogen atmosphere but it did not show
any appreciable increase in graphene quality or adsorption effi-
ciency. Fig. 5C shows the effect of heat treatment as a function of
time. The data show an optimum heating time of 4 h and further
heating did not change the uptake much. The adsorbent dose was
also optimized as a function of pollutant uptake. The percentage
capacities increased with increasing dose. This can be attributed
to increase in adsorption sites with increasing dose. 100% removal
efficiency (for the used pollutant concentration) was  observed with
an adsorbent dose above 50 g/L (Fig. 5D). With acid treatment, the
adsorption capacity of the sample increases significantly (about
12%, supplementary data S7)  possibly due to increase in the num-
ber of adsorption sites of the composite or due to some electrostatic
interaction between GSC and the pollutant [27]. Our recent ab initio
calculations have shown that adsorption is likely to be mediated
by adsorbed water itself [28]. Still the adsorption mechanism is
unclear as far as graphene is concerned.

The CP removal capacity of the adsorbent was  also tested. CP
had a prominent adsorption peak at 297 nm in the UV/vis spectrum.

The change in the spectrum during exposure is shown in Fig. 6A.
The kinetics was  observed to be faster for the initial stages (up
to 120 min) but then slows down significantly. Complete removal
(below the detection limit) of CP was  assumed when no peak was
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The versatility of the adsorbent in removing pollutants/colored
aterials was further explored with the experiments conducted
ith Coca-cola. The original Coca-cola after dilution with water

1:20) has an adsorption peak at 274 nm.  The decrease in peak
eight with respect to time confirms that GSC can decolorize
oca-cola as shown in Fig. 6B. Column experiments were also done
o confirm the results (supplementary data video1 in S8). It was
een that the adsorption is very fast and 50 cm column of 8 cm
ength filled with GSC of 1% loading efficiently decolorized 200 mL
oca-cola in 20 min.

.2.2. Kinetic study
Adsorption rate is an important parameter in designing batch or
ontinuous adsorption process. The pollutant removal was tested
s a function of time and the data are shown in Fig. 7. Here, we used
6G as the model pollutant (10 mL)  and 500 mg  of 1 wt%  (loading) of
SC as the adsorbent. As we can see, the kinetic data exhibited rapid
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removal of R6G. More than 65% of the pollutant was removed in the
first 60 min  and the system reached pseudo equilibrium in 240 min
and further contact did not make noticeable change in the uptake.
Control samples were also run to account for any possible natural
attenuation and the data showed insignificant effect. Estimation
of adsorption rate constants was  done by fitting the experimental
data with well-known adsorption kinetic models, viz. Langergren
pseudo first-order kinetic model [29], and Ho’s pseudo-second-
order kinetic model [30–32].  The mathematical representations
of these models are given in supplementary data 9. The inset in
Fig. 7 shows the pseudo first and second order model fitted data
along with experimental data. The data analysis and associated
error measurements show that pseudo second-order model is more
appropriate to describe the system and the data fitted well with
more than 99% confidence level.
3.3. Fixed-bed column experiment

Laboratory based fixed bed adsorption studies are important
in order to obtain basic engineering data for the design of any
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Table 1
Breakthrough parameters obtained during three consecutive cycles of adsorption.

Cycle
number

Bed height
(cm)

Breakthrough
volume (mL)

Adsorption capacity
(mg/g) of carbon

1 3 3547 44.5

F
b
o

emoval of R6G as function of time (primary axis). The pseudo and second order
odel fits are shown in secondary axis. Initial R6G concentration = 1/mg/L; flow

ate  = 2.3 mL/min.

dsorption column. In this study, removal of R6G from contami-
ated water using columns packed with GSC was examined. The
atio of column diameter to the diameter of the particles was
pproximately 100, which is much above the ratio reported to
vercome the premature leakage with wall effect [33,34]. Three
uccessive cycles of adsorption and desorption were carried out
n situ to test the reusability. After the first adsorption cycle, the
ed was regenerated in situ by backwashing with 42 bed volume
f acetone at flow rate of 2.3 mL/min followed by purging with hot
ir to remove the entrapped/adsorbed acetone. Fig. 8A shows the
dsorption and desorption breakthrough curves and the data are
ummarized in Table 1. From the data it is clear that the material can
e used in multiple cycles without affecting the adsorption capacity
ignificantly. The reduction in adsorption was found to be less than
% at the end of the third cycle (Fig. 8B).
.4. Comparison study

The superiority of our material over other similar absorbents
as investigated. We  compared the adsorption capacity (q) of the
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2 3  3260 42.3
3  3 3146 40.4

as-synthesized material with RGO@RS, GSC750, GOSAND (also called
super-sand). While the performance of RGO@RS and GSC750 was
evaluated in the lab; that of GOSAND was taken from the literature
[20]. RGO@RS was prepared as reported by Sreeprasad et al. [6] and
GSC750 was prepared from sugar [7], where carbon loading was
fixed as 0.5 wt% in both cases. A comparison of q of GSC, GSC750,
and RGO@RS was  made based on batch experiments. 100 mg  of
sand-composites having 0.5 wt%  of carbon content were taken sep-
arately and their adsorption efficiencies were evaluated with 10 mL
of 5 ppm R6G. The adsorption experiment was  performed as men-
tioned previously and the sample was allowed to stir for a day to
ensure saturation adsorption. The q value was determined from
UV/Vis data (supplementary data S10A). From the standard curve,
the q was  calculated. The q value of RGO@RS and GSC750 was  60
and 50–55 mg/g of carbon content, respectively. The q of our mate-
rial (GSC) is 75.4 mg/g in terms of carbon content. The q of AC
for R6G reported in batch experiments is 44.7 mg/g [35] which is
much lower than that observed for GSC. For CP, GSC exhibited a q
of 52.6 mg/g of carbon under identical conditions (supplementary
data Fig. S10B).

Fixed-bed experiments were also conducted to compare adsorp-
tion efficiency. Columns of equal diameter were taken and packed
with adsorbents (GSC, GSC750, RGO@RS and sand) with equal bed
height of 3 cm.  Graphenic content in all the adsorbents were
0.5 wt%. R6G (1 ppm) was passed through the columns packed with
the adsorbent at the flow rate of 2.3 mL/min. It was observed that
while the sand got exhausted after passing 60 mL  of R6G, whereas
the other adsorbents had higher capacity. The column packed with
GSC750 and RGO@RS showed 35 (2.1 L) and 48-fold (2.9 L) increase
in q than regular sand. GSC showed the highest q among all the
adsorbents, the column got exhausted after passing 3.6 L of R6G
solution, which shows a 60-fold increase in q than sand itself.
Recently, Gao et al. claimed a 5-fold higher q than regular sand for

‘super sand’ [20]. A comparison of different adsorbents is shown in
Fig. 9. These results clearly indicate that our material is superior
to other adsorbents in terms of q and it has about 12 times more
adsorption efficacy compared to ‘super sand’ and can function as
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Fig. 11. (A) Raman spectrum of (i) R6G adsorbed on GSC and (ii) SERS of R6G. (B)
Evaluation of the capacity of the column. SERS collected from the R6G spiked water
sample after passing (i) 2 L, (ii) 3.6 L and (iii) 4.8 L through the column. The inset
ig. 9. Comparison of adsorption capacity with different graphenic adsorbents. Esti-
ated error bar is 5%.

 cheaper and superior substitute. For want of a better word, we
ame this as ‘wonder sand’.

. Post-adsorption analysis of the adsorbent

The adsorbent was analyzed after the adsorption process to
heck the presence of the contaminants. Fig. 10A shows the SEM
nd EDAX characterization of GSC after the adsorption of chlorpyri-
os. We  can clearly see that the morphology of the GSC does not
hange during the adsorption process. However, EDAX identified
ignatures of P, S and Cl which was not present in the parent sam-
le (data given earlier), which points to the presence of chlorpyrifos
dsorbed on the particle. After regeneration, the sample was again
nalyzed using SEM and EDAX. The absence of P or Cl indicates the
emoval of chlorpyrifos (supplementary data S11).

In Fig. 10B, the LDI data confirms that the adsorption has taken
lace on the surface of GSC. There is no peak corresponding to GSC
ither in positive or negative mode (the data presented here is
n positive mode, trace i). After the complete exhaustion of the
dsorbent (R6G and CP adsorption in batch), the material was
ltered and dried under N2 atmosphere. The sample was spot-
ed on the LDI plate. The LDI MS  in positive mode of the R6G
ample (Fig. 10B (ii)) shows a peak at m/z 444 corresponding to
28H31N2O3

+ (R6G) and the fragmented peaks at m/z  415 and 386
ue to the elimination of ethyl groups from the side chain. The
DI of GSC adsorbed CP was taken in negative mode, Fig. 10B (iii)
howing fragmented peaks at m/z 181, 79 and 228 corresponding
o C5HCl3N−, (SPO2)− and (C5HCl3NPO)−. The fragmented struc-

ures are shown in supplementary data of Fig. S12. The inset shows
he isotopic distribution due the presence of three Cl groups at

 mass difference of two (the peak at m/z  181 is enlarged). This
ategorically proved the adsorption of targeted pollutants on GSC.

ig. 10. (A) SEM and EDAX characterization of adsorbent after adsorption of chlor-
yrifos. (B) LDI of (i) GSC, (ii) R6G adsorbed on GSC and (iii) CP adsorbed on GSC.

nset  shows an expanded view of the peak at m/z 181.
shows the photograph of (a) GSC, (b) R6G adsorbed GSC and (c) GSC after regen-
eration. (Inset of B is in color and this can be viewed in the Web  version of the
article.)

Unlike pesticides, the characteristic colors of the dyes can be
used to identify the adsorption or desorption of these substances.
The adsorption of R6G was evident from the color change (black
to reddish) of the adsorbent particle (photograph in the inset of
Fig. 11B). After regeneration, the adsorbent completely regained
the initial color (black). Expanded photographs of the materials are
presented in supplementary data S13 so that the color changes are
appreciated.

However, trace amounts of R6G can be present on the adsor-
bent even without giving visual color. R6G being a Raman active
molecule, Raman spectroscopy was employed for this analysis. Due
to the inherent fluorescence of R6G, normal Raman spectrum was
not able to show the characteristic features. In such cases, surface
enhanced Raman spectroscopy (SERS) can be a useful technique to
identify the sample. Hence, we used silver nanoparticles, which are
known to be highly active SERS substrates [36,37]. We  can see that
the normal Raman spectrum does not have prominent features of
R6G as in Fig. 11A (red trace) whereas the SERS spectrum obtained
using silver nanoparticles showed all the characteristic features of
R6G (Fig. 11A (black trace)). GSC before adsorption of R6G does not
have the fluorescence background and the presence of this back-
ground (which masks other features) confirms the presence of R6G
on GSC.

To assure complete regeneration of the adsorbent, the adsorbent
was washed with acetone at a flow rate of 2.3 mL/min. The ace-
tone extract after different wash cycles were analyzed. It was found
that after 42 bed-volume of washing, no trace of R6G remained in
the SERS spectra (supplementary data S14) pointing to the com-
plete removal of R6G from the adsorbent surface. A similar strategy
was used to calculate the capacity of the column. The bed height
of the column was 3 cm (containing silica particle of size 0.3 �m
and graphenic carbon loading of 0.6%). The filtrate was collected
after different time (volume passed through the column) and was
analyzed using SERS. Fig. 11B shows the SERS spectra taken from
filtrate collected after passing 1 ppm of R6G solution through the
column at different times (different volumes passed through the
column). We  can see that the evolution of peaks started after the
passage of 3.6 L (1 ppm) of R6G solution through the column and
appreciable features were seen when the volume passed through
the column reached 4.8 L.

5. Conclusions

A facile in situ strategy for the synthesis of graphene-sand com-

posite (GSC) is reported. A cheap and abundant material, asphalt
was used as the carbon precursor. The synthetic strategy used here
is useful to produce graphenic materials in solution phase as well
as on solid substrates. The formation of graphenic materials was
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onfirmed by different spectroscopic and microscopic techniques.
haracteristic G and D bands were observed at 1578 cm−1 and
345 cm−1, respectively, in the Raman spectrum. The 2D sheet-

ike structure with wrinkles observed in TEM and SEM confirmed
he formation of graphenic materials. The as-synthesized compos-
te, GSC, was tested for its applicability in decontaminating water.
hodamine-6G and chlorpyrifos, a dye and a pesticide, respectively,
ere taken as the model pollutants. Batch experiments indicated

hat adsorption is highly dependent on the particle size, and car-
on loading on sand particles. The suitability of the adsorbent in
eal time application was demonstrated through laboratory column
xperiments. The performance of GSC was compared to some other
eported graphenic adsorbents and the results illustrated that GSC
s superior in terms of strength and adsorption capacity for the con-
aminant tested. The adsorption capacity of GSC is 75.4 mg/g while
t is 44.7 mg/g for AC in the case of R6G. The reusability of the adsor-
ent was demonstrated and found that the material is reusable and
ence economically viable. The present study illustrates the pos-
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Methods and Materials 

Supplementary data 1 

Materials 

The carbon source used for the preparation of graphene, asphalt, was procured from the local market of 

Chennai, India. Toluene (industrial grade) was purchased from Rankem Chemicals Pvt. Ltd., India. CP 

(HPLC assay 99.9%) and Rhodamine 6G chloride (R6G, C27H29ClN2O3) were obtained from Sigma 

Aldrich. Standard sand collected from Ennore, Tamilnadu was initially treated with 0.1 M nitric acid to 

remove impurities. Subsequently the sand was washed extensively with deionized water and dried at 

100±3 o

In-situ synthesis of graphene-sand composite (GSC) 

C. This purified sand was sieved to obtain particles of desired size. All chemicals were used as 

received without additional purification. All solutions and suspensions were prepared using deionized water, 

unless otherwise mentioned. 

Asphalt was initially dissolved in toluene at a solid to solvent ratio of 1:10. The dispersed asphalt was then 

mixed with sand particles of size ranging from 200-500 micrometers. The carbon loading on the sand 

particles was varied by changing the sand to asphalt ratio. The samples were then dried in a hot air oven at 

90±3 oC under constant stirring for about 5 h. The dried sample was then transferred to a muffle furnace 

and subjected to heat treatment. The furnace was programmed as follows: a) temperature was increased 

from 30 to 250 oC in 30 min. b) held at 250 oC for an hour, c) again increased to 400 oC in next 1 h and d) 

finally held at 400 oC for next 4 h. It was then cooled to room temperature, just by switching off the power 

and without any control on the cooling rate. The optimum temperature was 400±5 oC, which was 

established after several iterations. The stable carbon coating on the sand surface was evident from the 

characteristic black color of the sample. The pre-weighed material was then soaked in concentrated sulfuric 
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acid for about 30 min and filtered, washed several times with deionized water until the pH of the wash-

water reaches that of the input water. The composite was then dried at 110 o

Batch adsorption experiments 

C for further use. The sample 

was again weighed to check any weight gain or loss. This material is termed as graphene sand composite 

(GSC). The carbon loading (wt%) was calculated from thermo-gravimetric analysis (TGA) (Supplementary 

data Fig. S2). 

Batch experiments were carried out to evaluate the pollutant uptake capacity of the composite in 25 mL 

conical flasks. Calculated amount of adsorbent was added to 10 mL of the water spiked with the target 

pollutant (R6G or CP) and placed on a shaker at room temperature (30±2 o

Fixed-bed column experiments 

C). The solid-liquid separation 

was done by filtration. The filtrate was analyzed to quantify the target molecule R6G in the aqueous phase 

by UV/Vis spectrophotometer based on the absorbance at 527 nm. Analysis of CP was carried out at a 

wavelength of 297 nm. The effect of particle size, contact time, and adsorbent dose were evaluated by 

varying the parameters in the appropriate window. Except kinetics, all other studies were conducted by 

batch equilibration method. Control samples were kept in all the cases to assess the natural attenuation of 

the target molecule. All the experiments were conducted in duplicate and the average values are reported. 

Continuous removal of the R6G was studied in fixed-bed columns made of transparent glass with a length 

of 500 mm and an internal diameter of 18 mm. The columns were packed with the adsorbent to a depth of 

3 cm and operated in down-flow mode at a feed flow rate of 2.3 mL/min. The performance of the column 

was evaluated as a function of time at room temperature. The initial R6G concentration was maintained at 

1 mg/L. The residual concentration of the effluent samples were analysed as a function of time. 

The R6G loaded adsorbents were regenerated in-situ in the columns using acetone as the eluent. The 

regenerant was passed through the column bed with the same flow rate of adsorption cycle. Nearly 42 bed 
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volumes of acetone were passed through the column in down-flow mode and followed by purging with hot 

air. The column was then washed to check the pollutant concentration in the wash-water. The spent 

regenerant and back washed water were collected and analysed for eluted concentrations of the pollutant 

as function of time. 

Instrumentation 

UV/Vis spectra were measured using a Perkin-Elmer Lambda 25 UV/Vis spectrophotometer. Raman 

spectra were collected using a confocal Raman spectroscope (WiTec GmbH CRM 200). High-resolution 

transmission electron microscopy (HRTEM) of the samples was carried out using a JEOL 3010 microscope 

with a UHR pole piece. X-ray photoelectron spectroscopy (XPS) measurements were done with Omicron 

ESCA Probe spectrometer with unmonochromatized Mg Kα X-rays (hγ

Mechanism of formation of graphenic material from asphalt 

 = 1253.6 eV). The energy resolution 

of the spectrometer was set at 0.1 eV at pass energy of 20 eV. Binding energy was corrected with respect 

to C 1s at 284.5 eV. Surface morphology, elemental analysis and elemental mapping studies were carried 

out using scanning electron microscopy (SEM) equipped with energy dispersive analysis of X-rays (EDAX). 

SEM measurements used indium doped tin oxide (ITO plate), presence of Si and Sn in the images is 

expected. For mass analyses, an Applied Biosystems Voyager DE Pro LDI-MS instrument was used. A 

pulsed nitrogen laser of 337 nm was used for desorption/ionization. 

The mechanism behind the formation of graphenic material is not fully understood. However, Raman and 

XPS evaluation suggested the loss of organic functionalities from asphalt during the process. TGA also 

indicated a weight loss during the process. Asphalt mainly consists of highly condensed polycyclic aromatic 

hydrocarbons. It is considered as a colloidal mixture with the chief component being asphaltene. 

Asphaltene is composed of nitrogen, oxygen and sulfur (as functional groups or adsorbates) in addition to 

carbon and hydrogen. Asphaltene is highly soluble in toluene. In our process, asphalt was first dissolved in 

toluene and hence chief fraction in the solution is asphaltene. The carbon functionalities are highly 
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susceptible to thermal decomposition above 300 0

 

C [1, 2]. Hence, based on the prevailing knowledge and 

Raman, XPS and TGA results obtained in the study, it is proposed that at elevated temperatures, 

asphaltene will lose the impurities (the functional groups) and will form unfunctionalized carbon. This 

carbon, in presence of a solid substrate (sand particle), is believed to combine and form the graphenic 

materials. The substrate not being single crystalline, the formation can start from different places in different 

orientation. This leads to the formation of large number of structural defects in the films formed. 
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Fig S2: XRD data of bare sand (silica) and GSC at different graphenic carbon loading (2 and 5 wt%).
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Fig. S3: TGA of sand and asphalt coated sand (2 wt%), showing weight loss of 0.8 wt%. Temperature was 
programmed as given in text. The initial loading is based on calculation. The temperature was not ramped 
above 400 0C as the auto-ignition temperature in air is above this value. However, heating up to 750 oC in 
N2 atmosphere did not increase the adsorption capacity.  
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Fig. S4: SEM images of A) virgin-sand showing that the surface is plain and B) sand coated with graphene, 

where the surface is rougher and sheet-like structures can be seen. 
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Fig. 4A and B show the SEM images of GSC with 0.2 % loading, where the surface is rougher than the 

pristine sand. When the loading reached 0.5%, careful observation showed more prominent surface 

changes. The surface looked rougher compared 0.2% loading (Fig. 4C and D). At 1% loading, a clear 

sheet-like structure was visible (Fig. 4E and F). Fig. 4F shows a closer view (higher magnification) of a 

GSC particle with 1% loading. We can see a sheet covering the surface of sand. The outward appearance 

(color) of the sand also changed as the loading increased. The color turned more intense as the loading 

increased (Fig. 4G). 

Supplementary data 5 
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Fig. S6: SEM images of GSC with different sand particle sizes. A) Less than 0.2 mm, B) between 0.2-0.3 

mm and C) more than 0.3 mm having 0.5% carbon loading. 
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Fig. S7: UV/Vis spectrum showing an increase in efficiency of GSC after acid wash for different carbon 

loading.  
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Supplementary data 8 

 

 

 

 

 

 

 

 

Video 1: Removal of Coca-cola. Bed depth was 6 cm and no special care was taken for controlling the 

flow-rate in this clip. 
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Pseudo-first-order equation: 

Supplementary data 9 

( )tk
et eqq 11 −−=                         (1) 

Pseudo- second-order equation: 
tkq
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2
2

1+
                         (2) 

Where eq  and tq  are the adsorption capacities at equilibrium and at time t, respectively (mg/g). 1k is the 
rate constant of pseudo-first-order adsorption (L/min) and 2k  is the rate constant of pseudo-second order 
adsorption (g/mg min). The estimated value of k1 and k2 are 0.02 /min and 0.019 mg/g min, respectively. 
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Fig. S10: UV/Vis spectrum showing A) removal of R6G with different graphenic materials as the adsorbent. 

B) Removal of CP with GSC.  
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Fig. S11: SEM-EDAX of CP adsorbed GSC after regeneration. P, Cl and S are absent. 
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Fig. S12: Common fragments of CP and the molecular ion of R6G. 
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Supplementary data 13 

Fig. S13: Photographs of a) initial material (GSC), b) R6G adsorbed GSC and c) GSC after regeneration. 
The color change of the material after adsorption of R6G, from black (a) to reddish (b) can be clearly seen. 
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Fig. S14: SERS of the filtrate after passing different volumes of acetone during regeneration, i) after 10 bed 

volume, ii) after 20 bed volume and iii) 30 bed volume. 
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 Evolution of Atomically Precise Silver Clusters to 
Superlattice Crystals  
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  We report the systematic size evolution of an organic-soluble, 
atomically precise silver cluster (product  1 ) of ≈0.9 nm diameter 
to superlattices (SLs). Product  1  converts gradually to more 
stable plasmonic particles of ≈2.9 nm diameter (product  2 ) and 
constant heating of the latter at 100 °C leads to crystals com-
posed of self organized nanoparticles or SLs (product  3 ). Evolu-
tion of product  1  to larger nanoparticles was observed by mass 
spectrometry, while the formation of nanoparticles and crystals 
was investigated by electron microscopy. The constituent units 
of products,  1  (m/z of 13.5 k),  2  (mixture of m/z 70 k and 80 k), 
and  3  (m/z of 148 k) are tentatively assigned to Ag 75 (PET) 40 , 
Ag  ∼ 530 (PET)  ∼ 100  (with Ag  ∼ 561 (PET)  ∼ 150 ), and Ag  ∼ 923 (PET)  ∼ 351 , 
respectively, where PET refers to 2-phenylethanethiol, the 
ligand used for protecting the cluster core. Creation of nanopar-
ticle crystals starting from atomically precise clusters points to 
the synthesis of nanoparticle solids with tunable properties. 

 Atomically precise clusters of noble metals exhibiting intense 
luminescence and having distinct absorption characteristics [  1  ]  
are said to be the missing link between the atomic and nanopar-
ticle (NP) regimes of matter. Metallic NPs [  2,3  ]  possessing charac-
teristic optical absorption due to plasmon resonance [  4,5  ]  can be 
converted to clusters exhibiting distinct optical absorption and 
emission in the visible region, by appropriate chemistry. [  6  ]  NPs 
having varying morphologies can be annealed to defi nite, uni-
form shapes by digestive ripening [  7–11  ]  and such monodisperse 
particles can self-organize to yield particle crystals or SLs. [  12–17  ]  
Refi ned synthetic methods yielding monodisperse particles can 
also form self-organized structures directly. [  18  ]  Stacking of NPs 
into 2D and 3D superstructures and investigating their collec-
tive properties are receiving much attention among nanochem-
ists due to diverse applications for the latter. [  19,20  ]  

 We show here that atomically precise clusters, consisting of 
a few tens of atoms can be grown systematically to plasmonic 
particles, which subsequently yield particle crystals. This meth-
odology can possibly create SLs from particles of any desired 
size, enabling the creation of designer crystals and conse-
quently varying properties. We show that crystals of plasmonic 
© 2013 WILEY-VCH Verlag GmPart. Part. Syst. Charact. 2013, 30, 241–243
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nanoparticles are better formed starting from sub-nanometer 
clusters. 

 A solid-state route [  21  ]  was used to synthesize atomically pre-
cise clusters. Briefl y, the method involves grinding the precur-
sors (AgNO 3  and PET) in a mortar and pestle to form silver thi-
olates. Addition of sodium borohydride in the solid state to this 
mixture with continued grinding produces well-defi ned clusters 
that can be extracted with suitable solvents (details of experi-
mental procedure are outlined in Figure S2, Supporting Infor-
mation). First, a mixture of AgNO 3  and tetraoctyl ammonium 
bromide (TOABr) was taken in an agate mortar and ground 
uniformly. To that, PET was added and ground till the initial 
yellow color changed to orange (due to the formation of silver 
thiolate). Reduction was achieved by adding solid NaBH 4  and 
by constant grinding in ambient air so that the mixture became 
blackish brown. The product was extracted in ethanol and cen-
trifuged to remove extra thiol in the supernatant and fi nally the 
residue was extracted in toluene, which gives a reddish-brown 
solution. A crucial aspect of the synthesis is the limited supply 
of water required for the reduction. This was made available 
from the laboratory air (as NaBH 4  is hygroscopic) and ethanol 
used for extraction. 

 Initial extract of the solid state reaction product with ethanol 
was discarded as it contains excess thiol [  22,23  ]  used in the syn-
thesis along with some clusters. Excess thiol makes smaller clus-
ters unstable and gradually thiolates are formed. Matrix-assisted 
laser desorption mass spectrum (MALDI MS) of the ethanol 
extract shows a sharp peak at  m / z  of 11.8 k (that is, 11 800) and 
the optical spectrum (corrected by Jacobian factor [  24  ]  shows 
step-like multiple features at 351 nm, 506 nm and 593 nm, 
mainly due to the formation of clusters, which is further con-
fi rmed by transmission electron microscopy (TEM) (Figure S3, 
Supporting Information)). The residue upon extraction with tol-
uene (labeled as product  1 ) yields a characteristic feature at 13.5 k 
in MALDI MS, along with its dimer at 27 k, with no other 
features in the entire mass spectrum measured up to 400 k. 
It is important to note that the mass spectra are measured at 
threshold laser intensities. A sharp rise and quick fall of the 
mass spectral features at threshold laser fl uence is a charac-
teristic signature of atomically precise clusters. [  25,26  ]  Upon 
increasing the laser intensity, another threshold is reached 
where fragmentation commenced yielding lower mass features. 
Fragmentation increases with increase in fl uence and subse-
quently another threshold is reached beyond which no further 
fragmentation was observed [  27  ]  (Figure S4, Supporting Informa-
tion). A small hump arises with increase in fl uence at  m / z  of 
78 k along with the 13.5 k peak which suggests the fact that 
product  1  may be co-existing with another cluster at smaller 
241wileyonlinelibrary.combH & Co. KGaA, Weinheim
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      Figure 1.   MALDI mass spectra showing the systematic size evolution of 
product  1  to particle crystals. A sharp peak centered at  m / z  of 13.5 k (a) 
obtained by operating at the threshold laser fl uence is assigned as ~Ag 75  
(PET) 40  (product  1 ) with a hump at  m / z  of 27 k, probably due to the 
dimer. Product  1  converts to a new plasmonic product  2  (b) with mass of 
70 k and a weaker feature at 80 k (tentatively assigned as Ag  ∼ 530 (PET)  ∼ 100  
and Ag  ∼ 561 (PET)  ∼ 150 , respectively). Gradual heating makes assembly of 
plasmonic product  2  to form SLs with defi nite periodicity (c) composed 
of ≈923 Ag atoms (Ag  ∼ 923 (PET)  ∼ 351 ). Dimer at 296 k is also observed 
(c). Insets of mass spectra show the corresponding photographs and 
cartoon representations of the size evolution. In photograph (c’), a black 
precipitate can be seen, which corresponds to the SL.  

      Figure 2.   A) UV/Vis spectrum of product  1  showing a band at 480 nm 
along with a small hump at 425 nm (a), which gradually evolves to plas-
monic product,  2  (b). After 2 h of heating of product  2  we obtained a 
residue that was dispersed in toluene and gives a less intense 455 nm 
peak with a broad peak around 700 nm (c). This is due to the gradual 
assembly of product  2  to form SLs. Broad background is in agreement 
with this. The TEM images and the corresponding size distribution of 
product  1 , product  2  and product  3  (a’,b’,c’) and their Gaussian fi ts fur-
ther confi rm evolution of clusters.  
concentration, which needs a higher threshold fl uence for des-
orption-ionization. The tentative assignment of 13.5 k would 
be Ag 75 (PET) 40  which was originally observed by Indranath 
et al. [  28  ]  and that at 27 k is the dimer of 13.5 k (2 × 13.5). The 
clusters kept for one day in refrigerator show a gradual increase 
in mass. The 13.5 k mass feature disappeared completely after 
a day. Subsequently two characteristic mass features ( Figure   1 a) 
were seen at 70 and 80 k (product  2 ) suggesting slow size evolu-
tion of clusters, which is in agreement with the laser threshold 
dependence of the 13.5 k feature. These two peaks are ten-
tatively assigned as Ag  ∼ 530 (PET)  ∼ 100  (similar to the recently 
reported Au 530  clusters [  27  ]  and Ag  ∼ 561 (PET)  ∼ 150 . Product  2  upon 
annealing at 100 °C for 2 h yields a black residue (product  3 ) 
and a dark yellow supernatant. Mass spectrum of the residue 
shows a broad feature centered at 148 k (Figure  1 c) with its 
dimer at 296 k. Further increasing the annealing time, the 
supernatant becomes colorless indicating complete precipita-
tion. As the cluster size increased, the threshold laser intensity 
also increases: 1311 for 13.5 k, 1498 for 70 and 80 k and 2000 
for 148 k (numbers refer to laser intensity measured in a unit-
less instrument setting).  

 Along with this gradual mass evolution, systematic change is 
observed in the optical absorption spectra (as seen in  Figure   2 ). 
Characteristic absorption in the higher wavelength region is 
observed for nanoclusters. Product  1  shows a band at 480 nm 
along with a hump at 425 nm (Figure  2 a) which closely resem-
bles the Ag 75  cluster feature, reported from our group. [  25  ]  At 
smaller core sizes, the spectrum shows distinct features in the 
higher wavelength region as in Ag 7,8 , Ag 9 , etc. The spectrum of 
42 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
Ag 75  evolves to a single plasmonic feature at 458 nm (Figure  2 b) 
which is further confi rmed from TEM images. This implies 
the formation of bigger NPs. The spectrum of a dispersion of 
product  3  shows the plasmonic feature at 455 nm but with a 
higher wavelength band, characteristic of aggregates and is 
attributed to interplasmon coupling. [  29  ]  The characteristic 458 nm 
feature is identical to the plasmon absorption spectrum of 
PET protected NPs (Figure S5, Supporting Information). The 
TEM image of product  1  shows uniform size distribution 
(0.9 nm ± 0.2 nm) but, product  2  shows a broad size distribution 
(2.9 nm ± 0.4 nm) and product  3  shows uniform size distribution 
(3.4 nm ± 0.2 nm), which is a requirement of SL formation.  

 The residue upon closer examination in TEM shows a peri-
odic array of NPs of 3.4 nm core size ( Figure   3 A). The average 
size of these particles increased from product  2  (2.9 nm) 
to product  3  (3.4 nm). The improved monodispersity is sug-
gested to be due to core size growth in clusters, similar to 
digestive ripening upon heating. In the TEM image presented, 
the (110) plane of the SL crystal is projecting towards the 
viewer. The image reveals that no further growth of the NPs 
occurs in the SL crystal. The constituent silver NPs are stacked 
in a  fcc  pattern rather than  hcp  in the 3D array. The crystals 
show preferential (111) (Figure  3 A,a’) orientation as expected 
from a majority of hexagonal or diamond-like morphologies 
(Figure  3 B,C).  

 The (111) plane of the SL yields a characteristic hexagonal 
Fourier transform indicating extended periodicity in the 
bH & Co. KGaA, Weinheim Part. Part. Syst. Charact. 2013, 30, 241–243
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      Figure 3.   A) TEM image of superlattice formed after 2 h of heating of the 
plasmonic product  2 . Inset (a’) shows an expanded view of the hexagonal 
array of the NPs with (111) and (220) facets which confi rms the periodic 
arrangement of superlattices (SLs). Inset (b’) shows the characteristic 
hexagonal FFT pattern from the same area emphasizing periodic arrange-
ment of NPs. The SEM image (B) shows that they are hexagonal crystals 
with sharp edges and C) shows the optical image of the same which 
further confi rms the formation of SL crystals .   

10 m 

C 

10 m 

B 

20 nm 

A b’ 

10 nm 

(111) 

(111) 
(220) 

a’ 
material (Figure  3 A,b’). This core size of 3.4 nm is in agree-
ment with a cluster of ≈923 atoms, suggested by the mass spec-
trum. As expected, the crystals in SEM show well-defi ned facets 
(Figure  3 B). It suggests that each facet has hexagonal plate-like 
morphologies which confi rm the periodic arrangement of the 
NPs. The residue gave shiny crystals under an optical micro-
scope (Figure  3 C). The corresponding TEM image of dark 
yellow supernatant (obtained after 2 h heating of product  2 ) 
shows a uniform size distribution with a size of 2.4 ± 0.4 nm 
(Figure S6, Supporting Information) and optical absorption 
spectrum shows a broad SPR band at 455 nm. 

 Elemental analysis of the SL by EDAX shows Ag and S at 
2.5:1 ratio in agreement with the composition (Figure S7, 
Supporting Information), Ag  ∼ 923 (PET)  ∼ 351 . No other elements 
(other than C) were seen in signifi cant concentration. These 
support the formation of particle crystals of atomically precise 
NPs. The inter-particle distance observed is 5.48 nm (Figure S8, 
Supporting Information), which is smaller than twice the distance 
of the clusters (including PET shell and the core, i.e., 5.82 nm). 
This suggests interdigitation of the monolayers during the for-
mation of SLs. [  30  ]  

 In summary, we have demonstrated the transformation 
of atomically precise clusters to NPs and the latter’s subse-
quent conversion to SLs. Although systematic size evolution is 
studied here with MALDI MS, experiments with electrospray 
ionization mass spectrometry (ESI MS), small-angle X-ray scat-
tering (SAXS), and dynamic light scattering (DLS) can reveal 
the dynamics of size evolution in solution and such studies are 
important to understand the events in solution. The present 
study, in conjunction with other reports of clusters suggests the 
possibility of creating SLs of varying core sizes starting from 
well-defi ned clusters. This will enable the creation of designer 
crystals of metals with varying properties as particle growth can 
be controlled at various stages.  
© 2013 WILEY-VCH Verlag GmPart. Part. Syst. Charact. 2013, 30, 241–243
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Experimental section 

Materials 

All the chemicals were commercially available and were used without further purification. 

Silver nitrate (AgNO3, 99%), 2-phenylethanethiol (PET, 97%), tetraoctylammonium bromide 

(TOABr, 99%), sodium borohydride (NaBH4) and trans-2-[3-(4-tert-Butylphenyl)-2-methyl-

2-propenylidene]malononitrile (DCTB) were purchased from Aldrich. 

Instrumentation 

UV/Vis spectra were measured with a Perkin Elmer Lambda 25 instrument in the range of 

200-1100 nm. High resolution transmission electron microscopy of clusters was carried out 

with a JEOL 3010 instrument. The samples were drop casted on carbon-coated copper grids 

and allowed to dry under ambient conditions. Matrix-assisted laser desorption ionization mass 

spectrometry (MALDI MS) studies were conducted using a Voyager-DE PRO Bio-

spectrometry Workstation from Applied Bio-systems. A pulsed nitrogen laser of 337 nm was 

used for the MALDI MS studies. The samples are mixed with DCTB matrix in 1:1 ratio and 

spotted on target plate and allowed to dry under ambient conditions. Mass spectra were 

collected in the negative ion mode and were averaged for 200 shots. Scanning electron 

microscopy (SEM) and energy dispersive X-ray (EDAX) analysis were done in a FEI 

QUANTA-200 SEM. For measurements, samples were drop casted on an indium tin oxide 

coated conducting glass and dried in ambient conditions.  

Method of Jacobian correction 

To amplify the less-intense absorption features, the data have been corrected with the 

Jacobian factor. For this, the experimentally obtained absorbance values as a function of 

wavelength [I(ω)], were converted to energy-dependent numbers [I(E)], using the expression, 

I(E) = I(ω)/ ∂E/∂ω∝ I(ω) *ω

 

2 

where ∂E/∂ω represents the Jacobian factor. 
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a) b) c)

d)e)f)

AgNo3 + TOABr + PET

+ NaBH4+ EthanolPowder
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Photographs during synthesis 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2. Photographs representing various stages during the synthesis of Ag@PET clusters. 

The mixture of silver nitrate and TOABr (a) was ground for 5 mins to obtain fine powder of 

uniform size (b). To that mixture, PET was added and ground well which shows a pale orange 

color, may be due to the formation of Ag (I) PET thiolate (c). Finally, NaBH4(s) was added 

and ground uniformly (d). The final mixture was extracted with ethanol (e). This solution 

contains small clusters which show distinct peaks. After purification these clusters are 

extracted in toluene. Toluene was removed from the extract and a fine powder was obtained 

(f). 
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MALDI mass spectrum, UV/Vis spectrum and TEM of ethanol extracted clusters 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Figure S3. MALDI mass spectrum of Ag@PET clusters extracted in ethanol. Two small 
humps are arising at 62 and 72 k which are marked by a dotted line. Inset shows the 
corresponding optical absorption spectrum (corrected by the Jacobian factor). Inset of inset is 
TEM image and size distribution of the corresponding clusters. Some of the clusters seen are 
marked by white circles. 
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Laser dependent MALDI mass spectra of product 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. Laser dependent MALDI mass spectra of product 1 extracted in toluene. It shows 

a shift from 13.5 kDa to 8.9 kDa. This could be attributed to gradual fragmentation arising 

because of high laser power. The 27 k feature is due to the dimer of product 1. A small hump 

near 78 k is seen at high laser power (Inset) which confirms the growth of clusters to form a 

stable plasmonic product 2. This requires a higher laser power to desorb. 
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UV-Vis spectrum and TEM image of PET protected silver NPs  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. The UV-Vis spectrum of PET protected silver NPs showing a sharp SPR band at 

460 nm. Inset shows the corresponding TEM image and size distribution. 
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 UV/Vis spectrum and TEM image of dark yellow supernatant after 2 h heating. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6. UV/Vis spectrum of the supernatant obtained after 2 h constant heating of product 
2. It shows a SPR band at 455 nm. Inset shows the corresponding TEM image, size 
distribution and photograph of the solution. 
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 SEM/EDAX of product 3. 

Figure S7. (A) SEM/EDAX spectrum of the SLs (taken on an ITO plate) which shows the 
presence of silver and sulphur with a ratio of 2.5:1 (Sn Kα, Ca Lα, Si Kα and O Kα are 
coming from the ITO sample plate). Insets: (a) The corresponding SEM image that shows 
crystals with sharp edges; (b), (c) and (d) are the elemental maps of Ag, S and C, respectively. 
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 TEM image of product 3. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S8. TEM image of product 3 showing definite periodicity and the interparticle 
distance is ~5.48 nm which is smaller than twice the distance of core+shell which confirms 
the interdigitation of monolayers. Details of the calculation of distances is below. 
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Here metal is considered as core and protecting ligand (PET) is considered as shell.  
Chain length of PET is 0.68 nm or 6.8 A°. 
Core diameter = 4.46 nm. 
Core radius = 2.23 nm. 
Chain length of PET = 0.68 nm. 
So theoretically interparticle distance = 2 * core radius + 2 * PET chain length = 4.46 nm + 
1.36 nm = 5.82 nm. 
From TEM image the interparticle distance is 5.48 nm < 5.82 nm, this confirms the 
interdigitation  of monolayers. 
If there is no interdigitation, this distance between core of two particles will be twice the 
length of PET. 
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Protein-encapsulated gold cluster aggregates: the case
of lysozyme†

Ananya Baksi,a Paulrajpillai Lourdu Xavier,a Kamalesh Chaudhari,ab N. Goswami,c

S. K. Palc and T. Pradeep*a

We report the evolution and confinement of atomically precise and luminescent gold clusters in a small

protein, lysozyme (Lyz) using detailed mass spectrometric (MS) and other spectroscopic investigations. A

maximum of 12 Au0 species could be bound to a single Lyz molecule irrespective of the molar ratio of

Lyz : Au3+ used for cluster growth. The cluster-encapsulated protein also forms aggregates similar to the

parent protein. Time dependent studies reveal the emergence of free protein and the redistribution of

detached Au atoms, at specific Lyz to Au3+ molar ratios, as a function of incubation time, proposing

inter-protein metal ion transfer. The results are in agreement with the studies of inter-protein metal

transfer during cluster growth in similar systems. We believe that this study provides new insights into

the growth of clusters in smaller proteins.
1 Introduction

One of the emerging categories of noble metal nanosystems is
their ligand protected, atomically precise, quantum conned
analogues, with a core size less than 2 nm. They are referred to
as quantum clusters1–4 (QCs) (also referred to as clusters,
quantum conned/sized clusters, metal quantum dots, nano-
clusters and superatoms). They exhibit intense luminescence
besides distinct optical absorption features due to inter-band
and intra-band transitions. Several monolayer protected clus-
ters of this family have been investigated in detail5–15 and in
some cases, crystal structures are also known. For example, the
total structures of monolayer protected gold clusters such as
Au25(SR)18, Au38 (SC2H4Ph)24, Au102(p-MBA)44 and more
recently, Au36(SPh-tBu)24 have been determined by X-ray crys-
tallography.13–17 A new window of opportunity has opened up
with the creation of quantum clusters using macromolecular
templates, where bigger molecules such as DNA,18 den-
drimers,19,20 etc. have been used for cluster growth. New
entrants to this fascinating family are protein-protected clus-
ters.1,21–35 Although they have well-dened molecular composi-
tions and distinct luminescence characteristics, their optical
absorption features are ill-dened in comparison to their
hemistry, Indian Institute of Technology
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ligand-protected analogues.5–17 Both gold and silver clusters,
protected with large proteins such as bovine serum albumin
(BSA, 66.7 kDa),21–25 lactotransferrin (Lf, 83.3 kDa),26,27 and small
proteins such as lysozyme (Lyz, 14.3 kDa),28–32 insulin,33

(5.8 kDa) horse radish peroxidase34 and pepsin,35 have been
reported. Recently, AuAg alloy clusters have been synthesized in
BSA.25 Inter-cluster interaction between such clusters produces
alloy systems whose compositions are tunable.25 The lumines-
cence of these protein-protected clusters has been used for bio-
labeling.1,22,33,36,37 While functional proteins are fragile in
general, a few reports indicating the retention of chemical
reactivity and protein's bio-activity are available, however
whether this robustness is applicable to many other cluster
forming proteins is yet to be known.33

Myriad efforts have been made to understand the bio-
mineralization process in the recent past, especially, bio-
mineralization by proteins. Wei et al.31 designed an experiment
in which they grew plasmonic nanoparticles inside single lyso-
zyme crystals. They could identify gold (in the ionic form)-bound
amino acids by determining crystal structures as a function of
time. MS has been the most suitable method to characterize
metal clusters, though X-ray crystallography is ideal. We
attempted to understand the growth of AuQCs in Lf by time-
dependent MS.27 In these systems, evolution of the cluster core
occurs gradually through an Au1+ intermediate in solution. Lf
forms a thiolate-type of intermediate characterized by a well-
dened Au1+ feature in the photoemission spectra.27 Chemical
reduction of this intermediate in alkaline pHgradually nucleates
the Au cluster. Along with the cluster evolution, the protein is
regenerated from the Au1+ complex. One of the important
questions in such clusters is whether the cluster is generated
inside theprotein or it grows in-between a fewproteinmolecules.
Nanoscale, 2013, 5, 2009–2016 | 2009
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A detailed investigation of the growth processes and distinction
between these two possibilities require detailed mass spectro-
metric studies at different stages of growth. The reduction in
instrumental resolution and ion transmission at large masses
makes it difficult to explore the details of molecular changes in
every system, especially in larger proteins. In the present study,
instead of Lf or BSA, which are bulky in nature, we have chosen a
small protein, Lyz, and probed how different it is from the larger
protein analogues. It is important to emphasize that computa-
tions have shown that cluster growth within proteins is feasible.
Large organic molecules such as dendrimers containing
multiple thiol groups can completely wrap an Au55 cluster
through gold–thiol interactions.20 Ackerson and Sexton studied
the binding of Au144 with neuro-proteins through thiol linkers
and estimated the rigidity and positional displacement of the
cluster using single particle cryo-electron microscopy.38

In this paper, we examine the growth of Au clusters in Lyz, a
fairly small protein, which allows detailed examination by mass
spectrometry. Lyz has a molecular weight of 14.3 kDa. It has 129
amino acid residues including 8 cysteines. These cysteine resi-
dues form 4 disulphide bonds located between the positions,
6–127, 30–115, 64–80 and 76–94. Unlike in proteins such as Lf,
the mass spectrum of Lyz is characterized by intense features
due to dimer, trimer and other higher oligomers. Previously, a
few groups have used Lyz for gold cluster synthesis,28–32

however, the size and growth of gold clusters synthesized in Lyz
have not been ascertained through MS. Our study, presented in
this paper, conclusively established that the cluster growth
happens under the strong inuence of cysteines. The chemistry
of the cluster encapsulated protein seems to be similar to that of
free protein as both of them form similar kinds of aggregates. In
monolayer-protected clusters, multiple ligands bind to the
cluster surface, while in the case of large proteins, a single
molecule of protein acts as a wrapping entity. In the case of BSA
or Lf, with high molecular weight, the large number of thiol
groups (34 and 36 cysteine residues) and bulky nature may
facilitate the formation of clusters within a single protein
molecule.21–27 The small protein used here is intermediate
between small ligands and larger proteins with a relatively less
number of available S–S groups.28–33 This investigation will
rationally establish the relationship between the protein
(ligand) size and the cluster formed and also the number of
stabilizing groups binding the cluster surface in encapsulated
clusters of this kind. The associated properties of the clusters
such as luminescence are discussed only to a limited extent as
these aspects have been discussed earlier.1,21–33
2 Experimental
2.1 Reagents and materials

Tetrachloroauric acid trihydrate (HAuCl4$3H2O) was prepared
in our lab starting from elemental gold. Sodium hydroxide
(Rankem, India) was purchased from the local supplier. Lyso-
zyme (>90% purity) and sinapic acid (�99% purity) were
purchased from Sigma-Aldrich. All the chemicals were used
without further purication. Deionized water was used in all the
experiments.
2010 | Nanoscale, 2013, 5, 2009–2016
2.2 Instrumentation

For MALDI TOF MS analysis, an Applied Biosystems Voyager De
Pro instrument was used with sinapic acid as the matrix. A
pulsed nitrogen laser of 337 nm was used for ionizing the
sample. Spectra were collected in the positive mode and an
average of 250 shots was used for each spectrum. The matrix
was prepared by dissolving 10 mg of sinapic acid in a 1 : 3
mixture of acetonitrile: 0.1% triuoroacetic acid (overall volume
of 1 mL). While preparing samples for analysis, 5 mL of the
cluster solution, without dilution, was mixed thoroughly with
100 mL of the matrix mixture. 2.5 mL of the resulting mixture was
used for spotting. For ESI MS analysis, 10 mL of the sample was
taken and diluted to 2 mL with DI water. Triuoroacetic acid
(TFA) (0.1% in DI, 10 mL) was added as an ionization enhancer
for spectral collection in the positive ion mode. A Thermo
Scientic LTQ XL ESI MS instrument was used for this study.
Ion spray voltage was kept at 4.5 kV and the capillary temper-
ature was set at 250 �C. XPS analysis was done to conrm the
reduction of Au3+ to Au0. A powdered sample was spotted on the
XPS plate. An Omicron ESCA probe spectrometer was used for
XPS analysis. Polychromatic Mg Ka (hn¼ 1236.6 eV) was used as
the ionization source. Curves were smoothed and tted using
the CasaXPS soware. Luminescence measurement was carried
out in a Jobin Yvon NanoLog uorescence spectrometer with a
band pass of 3 nm for both emission and excitation spectra. UV/
Vis spectra were collected using a PerkinElmer Lambda 25
spectrometer in the range of 200–1100 nm. Scanning Electron
Microscopic (SEM) and Energy Dispersive Analysis of X-rays
(EDAX) images were collected using an FEI QUANTA-200 SEM
instrument. High Resolution Transmission Electron micro-
scopic (HRTEM) images were taken using a JEOL 3010 instru-
ment. Picosecond-resolved uorescence decay transients were
measured using a commercially available spectrophotometer
(Life Spec-ps, Edinburgh Instruments, UK) with 60 ps instru-
ment response function (IRF). The observed luminescence
transients were tted with a nonlinear least square tting

procedure to a function ðXðtÞÞ ¼ Ð t
0 Eðt0ÞRððt� t0Þdt0Þ comprising

convolution of the IRF (E(t)) with a sum of exponential�
RðtÞ ¼ AþPN

i¼1
Bie�t=si

�
with pre-exponential factors (Bi), char-

acteristic lifetimes (si) and a background (A). Relative concen-
tration in a multi-exponential decay was nally expressed as:

cn ¼ BnPN
i¼1Bi

� 100. The quality of the curve tting was evaluated

by reduced chi-square. It has to be noted that with our time
resolved instrument, we can resolve at least one fourth of the
instrument response time constants aer de-convolution of the
IRF. The Circular Dichroism (CD) spectra were measured in a
Jasco 815 spectropolarimeter with a Peltier setup for the
temperature-dependent measurements. CD studies were done
with a 10 mm path length cell.
2.3 a-Helix calculation

Alpha helix content was calculated from the obtained
CD spectra by the formula proposed by Chen et al.39 (a-helix
This journal is ª The Royal Society of Chemistry 2013
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(%) ¼ �(q + 3000)/39 000, where q ¼ MRW � q222/10lc, where
MRW is mean residual weight (110.9 g per residue for Lyz), q222
is the angle at the wavelength 222 nm, l is path length of the cell
(1 cm) and c is the concentration of the sample used for the
measurement (10�7 g mL�1)).
2.4 Synthesis

The synthetic approach for creating luminescent gold clusters
was similar to the previously employed methods.21 Briey, it
involves incubating Lyz with Au3+ at a molar ratio of 1 : 4 for 12
hours. The nal concentration was 150 mM and 0.625 mM for
Lyz and Au3+, respectively. The pH was adjusted to 12 using 1 N
NaOH, aer adding Au3+. Appearance of red luminescence aer
4 hours indicated the formation of clusters in solution. Time
and concentration-dependent experiments were conducted for
better understanding of the cluster growth mechanism. Most of
these were carried out in the solution phase using the as-
prepared clusters directly. Several protein-to-gold ratios (1 : 2.5,
1 : 4, 1 : 5, and 1 : 8) were used.
3 Results and discussion
3.1 Formation of AuQC@Lyz and its characterization

Parent Lyz shows its well-dened molecular feature at m/z
14 300 in the linear positive ion MALDI MS spectrum. It is also
characterized by the presence of different molecular aggregates
at m/z 28 800, 42 900, 57 200 corresponding to dimer, trimer
and tetramer, respectively, with a gradual decrease in intensity
(blue trace, Fig. 1). Such aggregation can happen in the solution
phase as well due to salt bridges formed between the proteins.40

In the lower mass region (<m/z 8000), the spectra are dominated
Fig. 1 Positive ion MALDI MS of Lyz at pH 12 in linear mode (a) and AuQC@Lyz
after 24 hours of incubation (b). All the spectra were measured in the linear
positive mode over the m/z range of 2000–100 000. Both Lyz and AuQC@Lyz
showed aggregate formation. The expanded monomer region in inset (i) clearly
shows a separation of 10 Au atoms from the parent protein. In the dimer, trimer,
tetramer and pentamer regions, the separations are of 20, 30, 40 and 50 Au
atoms, respectively. In insets (ii) and (iii), schematic representations of Lyz and
AuQC@Lyz, respectively, are shown.

This journal is ª The Royal Society of Chemistry 2013
by multiply charged species and a few fragments. In Fig. 1 (red
trace) the spectrum corresponds to the reaction product of 1 : 4
molar ratio of Lyz : Au at pH 12. A unique feature due to the
metal cluster appears at m/z 16 270, shied by m/z 1970 from
the parent Lyz, due to 10 Au atoms. This peak is attributed to a
quantum cluster of Au10 core formed within the protein,
referred to as AuQC@Lyz. The di-, tri-, tetra- and even pentamer
of AuQC@Lyz showed similar patterns of bound Au atoms. The
total number of Au atoms bound, divided by the number of
protein molecules in the aggregate conrmed the distribution
of 10 Au atoms per protein in each case. This suggests that each
protein entity contains a strongly bound, ten-atom gold nano-
structure. Further, it signies that the observed di-, tri-, tetra-,
and pentamers are likely to be aggregates of individual protein
molecules, each containing a ten-atom cluster of gold within,
rather than aggregates of protein molecules bound to a multi-
atom gold species. In the latter case, the number of Au atoms
cannot increase systematically in multiples of 10 with the
aggregation number. Interestingly, it was the cluster feature
which was more prominent in the entire mass range and
beyond the trimer region; free protein features were nearly
absent. The monomer region expanded in the inset of Fig. 1
shows distinct binding of Au to the parent protein. The mass
spectrum of AuQC@Lyz exhibits an increased width aer the
attachment of gold (inset of Fig. 1). This is evident in the
monomer region of the parent protein which also shows
distinct features spaced by m/z ¼ 197 due to Au ion uptake.
The cluster features were stable although minor changes in the
nuclearity of the cluster core is evident with time in the
monomer region (Fig. S1†). However, the trimer, tetramer and
Fig. 2 (a) Time dependent luminescence spectra of the as-synthesized
AuQC@Lyz at 365 nm excitation showing an emission maximum around 680 nm.
The inset photographs show the color of the cluster solution under ultraviolet and
visible radiations, respectively. (b) Luminescence decay of AuQC@Lyz with
instrument response function (IRF) �80 ps. Lifetime values are shown in the inset.
Standard error of time components is �10%. X-ray photoelectron spectra of the
as-synthesized AuQC@Lyz showing the presence of (c) Au0 in Au 4f and (d) thi-
olate BE in S 2p.
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other oligomers did not show signicant change over the period
investigated. This change in nuclearity is also reected in the
luminescence prole which shows a shi of nearly 25 nm in this
time window (Fig. 2a). Two emission maxima, one at 450 nm
(which is likely to be from the protein alone, and it has been
observed in several instances involving metal ion reduction by
aromatic amino acids26,27,41,42 and also upon the oxidation of
protein's intrinsic uorophores43) and the other at 686 nm were
observed and the latter was blueshied to 661 nm aer 5 days
(excitation wavelength was 365 nm) while the former remained
the same. As there is a slight change in the core size, the
luminescence is also blueshied (see the MS data (Fig. S1†)).
The decrease in mass spectral intensity of the cluster is evident
in the luminescence spectrum as well. Up to a certain period of
time, the intensity goes on increasing and aer that it again
starts decreasing along with a slight blueshi in the peak
position. This shi may be due to the loss of one Au atom from
the core which is evident from the mass spectral analysis. As
luminescence in protein encapsulated noble metal clusters has
been studied earlier21–36 we presented only the essential aspects
of relevance here.

The calculated quantum yield (QY) of the cluster is nearly
15.6% taking Rhodamine 6G as the standard (QY ¼ 95% at 488
nm excitation in water).23 The luminescence decay of the
AuQC@Lyz in water was measured by a picosecond-resolved
time-correlated single-photon counting (TCSPC) technique.
Fig. 2b demonstrates the decay transients of the AuQC@Lyz.
Lifetime values of the clusters were obtained by numerical
tting of the luminescence at 650 nm. Lifetimes of AuQC@Lyz
were 0.1 ns (40%), 1.1 ns (55%) and 19.0 ns (5%) (see Fig. 2b).
Similarity of the lifetime components with the reported other
protein protected clusters reveals that the 650 nm emission is
coming predominantly from the Au QCs. The obtained lifetime
values, in comparison with the previous reports of Au25@pro-
teins,22,26 suggest this species to be smaller than Au25 and the
reduction in lifetime is distinct in the short and long compo-
nents, which in turn is supported by the MS data.

Fluorescence in ligand-protected AuQCs is largely inuenced
by the nature of the ligands and is not fully understood yet.
Murray and co-workers44 showed that in the case of Au38 and
Au140, the near infrared luminescence intensity increased line-
arly with the proportion of polar thiolate ligands. Although
there were insignicant changes in the absorption spectra of
various ligand exchanged Au25 clusters, noticeable changes
were seen in their luminescence spectra.45 Jin and Wu46 also
have recently shown that ligands and their length play a vital
role in the luminescence of Au25. Recently, in thiolate protected
AuAg alloy clusters, an increase in uorescence lifetime was
observed as a function of ligand length.47 These observations
propose that in bulky ligands as in proteins, there are several
contributing effects which enhance the luminescence intensity.
Factors such as multiple interaction sites facilitating electron
and energy transfer between the amino acids, isolation of the
metal core from the medium as seen in Au15@cylcodextrin48

and distinct Förster resonance energy transfer (FRET) are
expected to play crucial roles in the observed high lumines-
cence. We note, however, that the electronic structure of protein
2012 | Nanoscale, 2013, 5, 2009–2016
encapsulated clusters is entirely different from their monolayer
protected analogues as manifested in the differences in their
absorption spectra.

Existence of a nearly metallic (Au0) cluster core is further
supported by the photoemission data. Au 4f7/2 appears at
84.2 eV close to the Au0 binding energy (BE) (Fig. 2c). The BE is
slightly higher than the same for Au0 due to the core size effect
and the bonding environment. 4f7/2 binding energy values for
Au3+, Au1+ and Au0 are 87.3, 85.4 and 84.0 eV, respectively.25,27

S 2p BE conrms the presence of Au–S bonding (Fig. 2d). The
S 2p3/2 occurs at 163.0 eV which supports the thiolate binding
on the Au core. The Au : S atomic ratio found was 12 : 7, which
is close to the value corresponding to 10 Au and 8 S, per cluster.
Also, it reveals the absence of excess sulphur, unlike that
observed in clusters formed with larger proteins like BSA or
Lf.25,26 The spectral width is slightly higher than that observed
for Au thin lms, suggesting the possibility of multiple oxida-
tion states present in the clusters. No other component such as
sulphate, or sulphonate was observed. This may be attributed to
the absence of X-ray-induced damage in the sample which
supports the complete protection of the cluster core. From the
survey spectrum (shown in Fig. S2†) we conrm the existence of
all the possible elements: carbon, nitrogen, oxygen, sodium,
chlorine, gold and sulphur. All the BE values are corrected with
respect to the C 1s binding energy of 285.0 eV. Energy dispersive
analysis of X-rays (EDAX) also conrmed the presence of all the
elements (Fig. S3†).

A HRTEM study revealed that these clusters have a core size
of 1.1 � 0.1 nm, which is in good agreement with the size of
protein protected noble metal clusters (inset of Fig. S4†).
Although it is not a conrmative tool to know the size of protein-
protected clusters, the observation conclusively establishes the
absence of bigger nanoparticles in solution. The common
spectroscopic tool, UV/Vis, is inadequate to identify the nature
of the core in protein protected gold nanoclusters, since they do
not exhibit well dened features of the core unlike the mono-
layer protected analogues which have well-dened spectro-
scopic features and are sensitive even in a minor change in the
core size. The UV/Vis spectra show two peaks: one near 290 nm
which is a characteristic of aromatic amino acids in proteins
and the other (hump) around 353 nm, possibly due to oxidized
aromatic amino acid residues42 (Fig. S4†). No plasmon reso-
nance peak was observed which again conrms the absence of
bigger nanoparticles in solution.
3.2 Difference in alkali metal binding and Au binding

Binding of metal ions to proteins is expected. However, binding
with noble metals is distinctly different in comparison to
common ions such as alkali metals. To see this difference, we
have performed electrospray ionization mass spectrometry (ESI
MS) studies. In the control experiment, 0.1 mM alkali metal
chlorides were added to Lyz and ESI MS was recorded (Fig. 3a).
The spectra are expanded in the +8 charge state region, in the
inset. As the size of the metal ion increases from Na to Cs, the
number of attachments decreases. For Na and K, addition of up
to 5 metal ions is seen at that concentration; but for Rb it is up
This journal is ª The Royal Society of Chemistry 2013



Fig. 3 ESI MS of the Lyz and Au3+ mixture without the addition of base showing
a fixed number of Au atom attachments to Lyz irrespective of the concentration
used. A maximum of three Au atoms are attached to Lyz at the experimental
condition. Inset (a) shows different metal ion uptakes at a very low concentration
of metal chlorides. Separations from the main protein peak are due to different
metal ion uptakes. While Na and K ions show multiple uptakes due to a smaller
size, Rb and Cs ions show a limited number of uptakes at the same condition. In
inset (b), multiple Na atom attachments are seen at a higher concentration of
NaCl, revealing that binding sites for alkali metal atoms are different from that for
Au atoms.

Fig. 4 Concentration dependent MALDI MS at various Lyz to Au3+ molar ratios:
1 : 2.5, 1 : 4, 1 : 5 and 1 : 8. Numbers of Au atoms in the cores are 10, 11 and 12
for Lyz to Au3+ ratios of 1 : 4, 1 : 5 and 1 : 8, respectively. Inset (i) shows
comparative luminescence spectra of different concentrations of Au3+. The exci-
tation wavelengths do not change significantly for different Lyz to Au3+ ratios.
Emission peak positions vary from 675 to 686 nm (for time dependent lumines-
cence spectra see Fig. 2 and S8–S10†). Inset (ii) shows photographs of different
cluster solutions under ultra-violet and visible light. In inset (iii) a comparative plot
of the number of gold ions uptaken by various oligomers at different protein to
Au3+ concentrations after 7 days is shown. Au uptake by different oligomers
shows a linear dependence.
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to 3 and for Cs it is only up to 2. The same experiment was
carried out using a high concentration (1 mM) of Na+. In this
condition, nearly 10 Na ions were bound to the protein (Fig. 3b).
So it can be concluded that the number of Na ion uptake
increases with increasing concentration. Various mixtures of
Lyz : Au3+ ratios were taken; namely, 1 : 2.5, 1 : 4, 1 : 5 and 1 : 8.
In the ESI MS for all cases (Fig. 3), the same number of Au atom
attachments was seen. Au atoms are likely to bind to the
cysteine residues of the protein. In Lyz, there are 8 cysteine units
to bind with Au, although we see only a few attachments. This
may be due to the high charge state of the protein which cannot
stabilize large number of Au atoms and overlapping of one
charge state region with the next one does not allow us to
resolve the exact number of Au atom attachments. On the other
hand, there are several carboxyl and hydroxyl groups in the
protein for the uptake of alkali metal ions. If we keep on
increasing alkali metal ion concentration, proteins will show
uptake until all the sites are occupied. But there are also a
limited number of free carboxyl and hydroxyl groups; hence
alkali metal ion attachment cannot go beyond this. From this
study, it is evident that binding of Au is totally different from
binding in alkali metal ions. While Au binding is strongly
inuenced by cysteine residues, alkali metals prefer to bind
with the carboxyl and hydroxyl groups of different amino acid
residues.
3.3 Dependence of Au3+ concentration: clusters and cluster
dimers, trimers, mixed dimers

While cluster binding to the protein is evident in Fig. 1 and 4, it
is not conclusive whether the cluster is encapsulated within it or
not. One of the denite proofs for the existence of the cluster
This journal is ª The Royal Society of Chemistry 2013
core within is the systematic shi observed in the mass of the
protein aggregates. We explored this in two different cases, high
and low exposures of gold. The higher concentration regime is
discussed rst. The amount of Au ion uptake is weakly sensitive
to the quantity of Au exposed. Average cluster size ranges from
10–12 in protein to metal ratios of 1 : 4, 1 : 5 and 1 : 8 (Fig. 4).
Such cores are designated as Au10–12 in the text below. Uptake in
the dimer and oligomer regions is directly proportional to the
uptake shown by the monomer. At no region of the mass
spectrum is seen a trimer or tetramer with the same core as
seen in the monomer (Fig. S5 and S6†). The absence of
Au10–12@(Lyz)2,3,. species suggests the absence of entities
where a single Au10–12 core is surrounded by several protein
molecules in solution. This is also supported by the metal ion
uptake by the parent protein, which shows a series of Au uptake
peaks. In the dimer region, a feature appears where the sepa-
ration between the parent dimer and the new feature is double
that of the corresponding peaks in the monomer region. This
would imply that the formation of aggregates is either a solution
phase effect and are not formed in the gas phase due to the
association reactions between vapor phase species. In associa-
tion reactions, there are multiple possibilities which are not
observed. This kind of shi is seen in higher aggregates such as
thrice in trimer, quadruple in tetramer, etc. This systematic
change is depicted in Fig. 4iii. In the lowest concentrations
alone, some non-uniformity is seen as mentioned above which
appears to be due to the presence of excess protein in which
most of the binding sites for gold are free. Although these
aggregates exist in the solution, the photophysical properties of
the clusters do not show their presence. This appears to be due
to large inter-cluster distance as each cluster core is surrounded
Nanoscale, 2013, 5, 2009–2016 | 2013
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by a protein shell. Taking the overall size of Lyz to be nearly
4 nm, the inter-cluster distance is 8 nm which is much larger
than that which would facilitate electronic interaction between
the cores. This is manifested in the luminescence spectra where
only very minor shis are seen (Fig. 4i). No observable effect is
seen in the photographs (Fig. 4ii).
3.4 Cluster growth mechanism: multiple cluster growth
through the regeneration of free protein

This change is even more dramatic in the time dependent case
presented in Fig. 5 at low concentration, upon exposure of Au
over a long time. It is the lowest protein to Au3+ conc. ratio that
was examined. At a shorter incubation time, of the order of a
day, a shoulder comes at a separation of 10 gold atoms in the
monomer region while the shi was neither 10 nor 20 in the
dimer region. It is a broad hump in-between 10 and 20 Au
atoms. With time (for time dependent study see Fig. S7†), the
peak in the monomer region starts shiing to a higher mass of
12 Au atoms separation and interestingly the dimer region gets
divided into two peaks; one due to 12 Au atoms and another due
to �20 Au atoms. The same thing happens to the trimer region
also where peaks are separated by �12 and �22 Au atoms. For
the tetramer, the separations are 12 and 26 Au atoms. Because
of the broad hump, it was not possible to identify other species
in the trimer and tetramer regions. Aer the tetramer region, it
is hard to resolve the peak separation due to reduced intensity.
As explained earlier, there is a gradual emergence of free protein
with time in the cluster system. These free proteins enable the
formation of Au10–12@Lyz–Lyz along with (Au10–12–Lyz)2 and the
possibility of the former increases with time as free Lyz
concentration increases. As a result, the dimer region exhibits
both these features (Au10–12@Lyz–Lyz and (Au10–12–Lyz)2) with a
Fig. 5 MALDI MS of a AuQC@Lyz, where the lowest Lyz to Au3+ molar ratio
(1 : 2.5) was used. There is a clear change in the spectra as the storage time
changes from one day (green trace) to 7 days (orange trace). Insets: (a) expanded
view of the monomer region and the (b) dimer region. The trimer also has two
different separations at 12 and 22 Au atoms. For higher oligomers, the separation
was not resolvable.
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characteristic mass shi. As the free Lyz concentration keeps
increasing with time, the dimer region shows only Lyz2 and
Au10–12@Lyz–Lyz features. Corresponding changes are seen in
the larger aggregates as well. It is important to note that if one
cluster is surrounded by multiple proteins, we would have
observed Au10–12–Lyzn features prominently for dimer, trimer,
etc. and these are not seen. Instead (Au10–12@Lyz)n features are
dominant.
3.5 Change in the protein secondary structure

Formation of the cluster affects the secondary structure of the
protein. Large changes were seen in the fraction of a helices
aer cluster formation, as a loss of 28% (total helix content
decreased from 49% to 21%) was observed in the circular
dichroism (CD) spectra. This may be correlated to the structure
of lysozyme where cysteine residues are present (at 6, 30, 64, 80,
115 and 127 amino acid positions)49 and four of which are
located in the vicinity of a helices.41 As the disulphides were
broken and used to stabilize the cluster core, drastic changes in
the total helix content was observed. Computational studies
showed that the disulphide bond can break upon the addition
of Au3+ to Lyz, as one disulphide bond breaks to give two
sulphur ends and two electrons are donated to form the cluster
core upon the addition of Au3+ alone.50 A net loss of a-helix
structure and increase in b-sheets and random coils is evident
from the FTIR spectra, as follows, corroborating the CD
observations.

Distinct changes in the amide region were observed. Amide
bands I, II and III are characteristic of the protein's secondary
structure.26,51 The band near 1650 cm�1 arises mainly from the
C]O stretching vibration with a minor contribution from the
out of plane C–N stretching. This is attributed as the amide I
signature. Another band near 1550 cm�1 is due to the out of
phase combination of NH in plane bending with a smaller
contribution from C]O in plane bending as well as C–C, and C–
N stretching. The region 1400–1200 cm�1 is due to amide III
vibrational modes. A signicantly broad band arises near 3300–
3000 cm�1 due to N–H and O–H stretching vibrations. This
region is ascribed as a mixture of amide A and amide B.26,51

From the IR data (Fig. S11†), it is clear that there are changes in
Fig. 6 (a) CD spectra of Lyz and as prepared AuQC@Lyz showing a clear change
in ellipticity of the spectra, which indicates a huge change in the alpha helical
structure. (b) Double derivative of the infrared (IR) spectra shows the disappear-
ance of the peak at 1654 cm�1 in the case of AuQC@Lyz.
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the amide region. A band near 700 cm�1 can be attributed to
–NH2 and NH wagging. Bands at values >2950 cm�1 are due to
C–H stretching in –CH3, –CH2, and –CH groups. The O–H
stretching frequency is also observable as a broad peak around
3500 cm�1. Second derivative IR (in the region 1600–1700
cm�1), which is more sensitive, revealed the changes in the
amide region due to cluster formation. Among a-helix (1651–
1658 cm�1), b-sheets (1618–1642 cm�1), random coils (1640–
1650 cm�1) and turns (1666–1688 cm�1), the a-helix region
showed large changes. A clear change can be seen in the a-helix
feature at 1654 cm�1 which is completely absent in the case of
the cluster, because of the huge perturbation of the a-helical
regions, which may be due to breakage of disulphide bonds for
cluster formation as mentioned above (Fig. 6).
4 Summary and conclusion

A mass spectrometric investigation to understand the nature
of gold cluster formation by small proteins, represented by the
model protein, lysozyme has been performed. The red emit-
ting cluster formed is of �10 Au atoms, which is smaller than
the reported cluster size in bigger proteins such as BSA or Lf.
An interesting phenomenon of protein aggregates formed by
cluster containing proteins was observed. Furthermore, the
emergence of free protein during the synthesis suggested
interprotein metal transfer. In conclusion, we suggest that
small protein molecules, such as Lyz, can wrap and stabilize
very small cluster cores consisting of 10, 11 and 12 Au atoms.
The growth mechanism is highly dependent on the disulphide
bond breakage where cysteine residues can form Au–S bonds
and the core is stabilized by thiolate linkages. From a
comparative study with alkali metal ions, we demonstrated the
difference between the binding of Au and Na ions with the
protein. Whereas Na+ binds to carboxyl and hydroxyl groups,
Au+ prefers the sulphurs of cysteines for binding. An extensive
MALDI MS study in the entire mass range of the protein and
its aggregates suggests that the cluster is held within the
protein molecule. In a nutshell, we have demonstrated a
conrmative mass spectrometric analysis to prove endoprotein
cluster growth using a small protein, Lyz, as a model. This is
one of the rst steps in understanding of the system and more
steps are ahead to elucidate the exact mechanism of this kind
of cluster growth. We believe that this study would rationally
establish the relationship between the protein (ligand) size
and the cluster formed. A detailed understanding of the
protein conformational change and, probably, computer
simulation of cluster growth would lead to new directions in
this area.
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Fig. S1† Time dependent MALDI MS of Lyz: Au3+ (molar ratio of 1:4) over 15 days time 

window. A linear dependence of Au ion uptake is seen for the oligomerized Lyz. While 

monocation of AuQC@single protein shows a separation of 10 Au atoms from the parent protein 

peak, oligomerized Lyz show separation of n×10 (where n=2, 3, 4,…) from their parent 

oligomerized Lyz where n is the aggregation number. Inset shows the monomer region. 
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Fig. S2† The survey spectrum is characterized by peaks due to carbon, oxygen, nitrogen, 

sodium, chlorine, gold and sulphur. Carbon 1s binding energy for the main peak is taken to be 

285 eV and other binding energy values have been determined. 
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Fig. S3† SEM EDAX spectra of AuQC@Lyz using Lyz: Au3+ ratio 1:4. Inset A, is the SEM 

image of the sample. B and C are EDAX mapping of SK and AuM corresponding to A. D is the 

quantification of S and Au in the sample. 
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Fig. S4† Concentration dependent UV-Vis spectra of as-synthesized AuQC@Lyz. The peak at 

290 nm is assigned to the protein. A characteristic hump near 355 nm is also seen. There is no 

specific feature of cluster core in these spectra. In the inset, HRTEM image is shown, clusters are 

sized between 1.1±0.1 nm. There is no feature corresponding to the formation of bigger 

plasmonic nanoparticles. 
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Fig. S5† Time dependent MALDI MS of Lyz: Au3+ (molar ratio 1:5) over 15 days time window. 

A linear dependence of Au uptake is seen for the oligomers. While monomer shows a separation 

of 11 Au atoms from the parent protein peak, oligomers show separation of n×11 (where n = 2, 

3, 4…). 
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Fig. S6† Time dependent MALDI MS of Lyz: Au3+ (1:8 molar ratio) over 15 days time window. 

A linear dependence of Au uptake is seen for the oligomers. While monomer shows a separation 

of 12 Au atoms from the parent protein peak, oligomers show separation of n×12 (where n=2, 3, 

4,…). 
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Fig. S7† Time dependent MALDI MS of Lyz: Au3+ (1:2.5molar ratio) over 15 days time 

window. A linear dependence of Au uptake is seen for the oligomers. While monomer shows a 

separation of 10 Au atoms, after 5 days the peak shifts to 12 Au atoms. In the dimer and trimer 

regions two distinct peaks appear. For dimer, peaks are separated by 12 and 20 Au atoms while 

in trimer, peaks are separated by 12 and 22 Au atoms.  
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Fig. S8† Time dependent luminescence spectra of Lyz: Au3+ (1:5molar ratio) over 15 days time 

window. Upon exciting at 360 nm, the cluster emits at 666 nm. Insets show the photographs of 

the sample under ultra-violet and visible light. 
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Fig. S9† Time dependent luminescence spectra of Lyz: Au3+ (1:8molar ratio) over 15 days time 

window. Upon exciting at 360 nm the cluster emits at 666 nm. Insets show the photographs of 

the sample under ultra-violet and visible light. 
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Fig. S10† Time dependent luminescence spectra of Lyz: Au3+ (1:2.5 molar ratio) over 7 days 

time window. Upon exciting at 370 nm the cluster emits at 690 nm which again blue shifts to 

675 nm upon longer time. Insets show the photographs of the sample under ultra-violet and 

visible light. Calculated quantum yield is 15.2%. 
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Fig. S11† Infrared (IR) spectra of Lyz and AuQC@Lyz showing significant change in the amide 

region. 
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Abstract

Ion/surface collisions in the ultralow- to low-energy (1–100-eV) window
represent an excellent technique for investigation of the properties of con-
densed molecular solids at low temperatures. For example, this technique
has revealed the unique physical and chemical processes that occur on the
surface of ice, versus the liquid and vapor phases of water. Such instrument-
dependent research, which is usually performed with spectroscopy and mass
spectrometry, has led to new directions in studies of molecular materials. In
this review, we discuss some interesting results and highlight recent develop-
ments in the area. We hope that access to the study of molecular solids with
extreme surface specificity, as described here, will encourage investigators
to explore new areas of research, some of which are outlined in this review.
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1. INTRODUCTION

Chemical phenomena in molecular solids have implications for physics, materials science, biology,
and industry. These diverse processes range from adsorption, catalysis, wetting, and diffusion to
molecular recognition and self-organization—all of which are central to chemical and biological
functionality. Elementary steps involved in these molecular events can lead to complex overall
phenomena and require detailed studies of well-characterized surfaces under precise conditions.
Mass-selected ions of known kinetic energy impinging on ultrathin films of molecules represent
an excellent system in which various chemical phenomena can be modeled. This review outlines
some of the most fascinating recent advances in this developing and instrumentation-intensive
area.

Molecular solids are composed of periodically arranged molecules that form a lattice. This
periodicity may be short or long range, as in amorphous or crystalline solids, respectively. Such
solids are not common in the natural environment, where extended solids, such as silica, dominate.
The most common molecular solid is water ice; phenomena that occur on the surface of this solid
play pivotal roles in atmospheric chemistry, as in the case of ozone layer depletion (1–3). Although
elementary chemical reactions such as chlorine radical formation and reactions have been studied,
issues such as molecular diffusion, cage formation, and reactivity are important for molecular solids
under different pressure and temperature conditions, as in the case of gas hydrates. Thus, molecular
chemistry spans a wide range of thermodynamic conditions, from ice particles in interstellar space
at 10−15 bar to gas-hydrate formation at 105 bar; this review is limited to low-pressure conditions.
At low pressure, the molecular flux is correspondingly small, so investigations can be performed
only in ultrasensitive environments.

Figure 1 depicts hexagonal crystalline ice (Ih) grown on a Ru(0001) substrate; specifically,
three layers of ruthenium atoms in a hexagonal arrangement are shown. During epitaxial growth
on the ruthenium surface, the first layer of water molecules is adsorbed onto the surface. A second
layer then develops; it is connected by hydrogen bonds to the first layer of water molecules to
form a hexagonal cage-like arrangement. In this geometry, each alternative molecule is situated
equidistantly above or below a central plane to form a tetrahedral environment. Together, these
two layers are known as a bilayer (4). The second layer of water molecules is considered half of the
bilayer (hence the term half-bilayer) (Figure 1). The bilayer reproduces itself with an interlayer
distance of 2.75 Å (5) to produce an Ih network. In Figure 1, the atoms are projected toward
the reader, away from the text; therefore, the nearest atoms appear largest. Because of this effect,
the first and second bilayers appear to have different thicknesses. Because water molecules orient
epitaxially on the ruthenium surface, Ru(0001) is an ideal substrate for ice film growth. However,
the orientation of water molecules at the ruthenium–ice interface is uncertain.

Typically, all such experiments are performed in ultrahigh-vacuum (UHV) conditions at around
10−10 torr. Water vapor is usually condensed on a cold metal surface, typically single crystals whose
solid-state structure is similar to that of crystalline ice (CW), to generate thin ice films. The growth
of an ice film and its structure are sensitive to the metal surface. Density functional theory calcu-
lations suggest that the metal–water interaction is very strong in the case of Ru(0001) surfaces (6).
On a Ru(0001) surface, ice growth begins with a small cluster (7). Three-dimensional film growth
then occurs through the reproduction of bilayers (7), as described above. In practice, amorphous
ice (ASW) is prepared through the deposition of water vapor below 120 K (8). Thereafter, anneal-
ing at a temperature above 140 K generates CW. High-density ASW or compact ASW, which
has very low porosity, can be prepared by growth of the ice film at ∼125 K (9). However, the
temperature depends on parameters such as the nature of the surface, the rate of deposition, the
annealing rate, and time (5).
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Figure 1
Hexagonal ice growth on a Ru(0001) substrate. The gray balls represent ruthenium atoms, the black balls
represent oxygen atoms, and the white balls represent hydrogen atoms. Hydrogen bonds in the ice structure
are indicated by the black dashed line between the water molecules. The epitaxial growth of the ice is also
depicted. After the ice layer is extended to another bilayer, a unit cell of hexagonal ice can grow. For clarity,
the central plane, composed of the second bilayer, is not shown. The circles on the top {0001} plane of the
unit cell represent the oxygen atoms forming the third bilayer. The basal {0001} plane is marked by a yellow
arrow. Red dashed lines show the unit cell of ice. In the unit cell, a and c stand for lattice constants of
hexagonal ice; a is 4.50 Å, and c is 7.32 Å. The water molecules forming two half-bilayers (making the full
bilayer) are indicated by blue and green arrows. The water molecules arranged along the blue arrow, if
extended to the right, form a half-bilayer. This figure is based on several inputs from the literature.

Several techniques have been used to investigate the crystal structure of adsorbed ice films. Of
these, helium diffraction and low-energy electron diffraction (LEED) are discussed here. Use of
these techniques showed that an ice(0001) film grown on Ru(0001), Pt(111), or Pd(111) terminates
as a full bilayer rather than as a half-bilayer (5, 10–12). However, LEED I–V (intensity–voltage)
experiments (10) and total energy calculations (13) revealed that the topmost layer of the film
is modified significantly (5). Also, the upper monolayers undergo large-amplitude vibrational
motions, such that the oxygen atoms become invisible to LEED (5, 12). The small (2 × 2) peak
in helium diffraction experiments suggests that the topmost layer undergoes reconstruction (12).
X-ray absorption studies of the intermolecular distance between ice layers indicated that the
interlayer distance at the surface is greater than that in bulk (5).

In addition to the aforementioned techniques, a common analytical method used to study
adsorbed molecules is temperature-programmed desorption (TPD) (14–17). Desorption of
molecules from ice surfaces can be accompanied by processes in the surface that include diffusion
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(18–21), molecular volcano (19), crystallization (22, 23), and polymerization events, all of which
have been the subjects of detailed studies. We can better understand the molecular details of
processes taking place in such solids by using vibrational spectroscopy, which in conjunction
with TPD is often an indispensable tool (24–45). Also, surface-sensitive tools, such as X-ray
photoelectron spectroscopy (XPS), have been employed with TPD to study ice films (26, 46). Ions
whose energy ranges between 1 and 100 eV (47–71)—which is known as the hyperthermal energy
regime and, especially with energies below 10 eV (9, 72, 73), constitutes the ultralow-energy
regime—are novel probes for studies of new phenomena. Their novelty arises from the extremely
short interaction time between the ions and the surface. For example, Cs+ ions impinging on
a surface with 50-eV translational energy are present only for a few tens of femtoseconds in
the vicinity of 10 to 20 monolayers (measured typically in terms of exposure in Langmuirs;
1 Langmuir = 1 × 10−6 torr s of exposure) of condensed molecular solids. The term vicinity
refers to an area of radius 4 Å in which chemical interactions can occur (74). First, this extremely
short interaction time allows the ions to “observe” the dynamic events of the surface at ultrashort
timescales. Second, assuming 10–15% translational-vibrational energy transfer efficiency (74)
in collisional events, the surface is sufficiently excited to undergo change in itself or to cause
modifications to the colliding ions. This phenomenon causes either reactions or accommodation
of the products of collision that preserves the chemical nature of the partners and is known as soft
landing (75). Third, given that the collision event is precisely controlled, chemical modifications
can be made systematically. Fourth, because the ion beam can be controlled in time, as in
the case of an ion pulse, the dynamics of the events can be sampled. Fifth, because the ions
possess mass, energy, and direction, all these parameters can be individually or jointly used to
capture information on events occurring at the surface. Although many of these low-energy ion
phenomena have not yet been investigated adequately, future explorations will undoubtedly be
rewarding.

The microscopic processes that occur in these interactions strongly depend on the nature of
the projectile, its collision partner on the surface, its geometry and orientation, and the energy of
impact. Depending on all these parameters, various techniques (Table 1) have been employed to
study ion scattering processes. Certain factors, such as (a) the ability to create surfaces of interest
and manipulate ions with distinct energy, (b) the capacity to perform reactions with species derived
from mass-selected ions, and (c) the ability to carry out reactions in controlled conditions, have
contributed to the development of these techniques. All of these processes can broadly be referred
to as low-energy ion scattering (LEIS). Therefore, we use this acronym to describe the diverse
phenomena that occur in this energy window.

Below, we briefly discuss the instrumentation used to study low-energy ion impact phenom-
ena in molecular solids. We then provide an account of fascinating recent results and describe
highlights from the current literature. Finally, we conclude with future directions.

2. INSTRUMENTATION

As mentioned above, this area of research depends greatly on appropriate instrumentation. In this
section, we discuss several important techniques.

The essential purpose of instrumentation is evident from the title of this review. Instruments
enable production of low-energy ions, impact of ions at molecular surfaces, and analysis of the
products and their properties. Depending on the details of the investigation being performed, addi-
tional components may be added. The primary instrument may be coupled with other techniques
to probe surfaces and ions in more detail. In their simplest configuration, the instrumentation
should be capable of ion production and product ion analysis.
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Table 1 Various low-energy ion scattering processes

Technique Abbreviation Energy range Use References
Reactive ion scattering RIS 10–25 eV Detection of ionic and neutral

species from the surface
following ion collisions

76–78

Low-energy sputtering LES 30–100 eV Detection of preexisting surface
ions at the topmost layer by ion
impact

76–78

Reactive landing RL 10–20 eV Surface reaction and pattering
of molecules on active surfaces
by ion impact

79–81

Soft landing SL 10–20 eV Deposition of polyatomic ions
without damage at the surface
by ion collisions

75, 82

Surface-induced dissociation SID 20–200 eV Fragmentation of projectile ions
and associated chemical
reactions

65, 74

Ion/surface reactions I/S reactions 20–100 eV Chemical reactions between
impinging ions at molecular
solids or monolayers

65, 83–85

Chemical sputtering CS 30–350 eV Ejection of surface species as
ions after charge transfer from
the projectile

5, 74, 86

The simplest instruments have two stages. In the first stage, an ion of interest, produced by
an ion source, is energy-selected by an analyzer and subsequently collided with a molecular solid
surface. In the second stage, the scattered or product ions arising from the surfaces are analyzed by
a mass and/or energy analyzer. In addition to mass spectrometry, other techniques that can probe
molecular solids are reflection absorption IR spectroscopy (RAIRS), TPD, and XPS. Figure 2
depicts a typical LEIS instrument coupled with associated components. We briefly describe some
of these components below.

2.1. Vacuum System

All ion scattering/collision experiments are carried out under UHV conditions (pressure
<10−10 mbar) to obtain clean surfaces and to avoid loss of ions due to interactions with gas-
phase molecules. Vacuum chambers are made of stainless steel and are connected with a vacuum
system to achieve optimum pressure. A vacuum system generally contains turbo molecular pumps
(TMPs) backed by additional TMPs and connected to displacement pumps, such as rotary vane
or diaphragm pumps. Diaphragm pumps, although more expensive than rotary vane pumps, do
not release hydrocarbons. Entrapment pumps, such as titanium sublimation pumps or cryopumps,
can be used to create a high vacuum.

2.2. Ion Source

In ion scattering experiments, it is necessary to produce projectile ions prior to collision. Ionization
methods depend mainly on two factors, namely the ion of interest and the design of the instrument.

www.annualreviews.org • Probing Molecular Solids with Low-Energy Ions 101

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
13

.6
:9

7-
11

8.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 I

nd
ia

n 
In

st
itu

te
 o

f 
T

ec
hn

ol
og

y 
- 

M
ad

ra
s 

on
 0

6/
18

/1
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



AC06CH05-Pradeep ARI 13 May 2013 12:42

TPD-MS

T

EA

MA
B

I

IG

MD

hv

M

P

Vacuum
chamber

Pressure < 10–10 mbar

S

G

RAIRS

Figure 2
Typical low-energy ion scattering instrument. The circle represents the vacuum chamber connected to the
vacuum pump and the pressure gauge. A rotatable substrate is placed at the center of the vacuum chamber,
onto which several molecular solids can be deposited. The temperature of the substrate can be regulated by
the combined use of a cryostat and a heater. The substrate is connected to a potentiometer, through which
voltage to the substrate can be applied. Also shown is a molecular beam deposition module (B), which
generates a molecular solid film at slow deposition rates to allow epitaxial growth of the molecules at low
temperatures. Abbreviations: EA, energy analyzer; G, pressure gauge; hv, light source; I, ion source; IG, ion
gun; M, molecular solid; MA, mass analyzer; MD, mass detector; P, vacuum pump; RAIRS, reflection
absorption IR spectrometer; S, substrate; TPD-MS, temperature-programmed desorption–mass
spectrometer.

The most common ionization methods used in ion/surface collision are electron impact ioniza-
tion, chemical ionization, and laser-induced ionization. Among these techniques, electron impact
ionization is the most common because of the stability of the ion current and the small spread of
the ions’ kinetic energy. Recently, electrospray ionization and laser desorption/ionization meth-
ods were used to produce more complex ions that cannot be created with conventional methods.
Several other ion sources (for instance, thermal ionization that produces Cs+ and Li+ ions) are
also available.

2.3. Mass Spectrometers

The ions are mass-selected and collided on the surface, and the scattered ions are then analyzed with
mass spectrometric techniques. Various mass analyzers, such as time-of-flight (TOF), magnetic
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sector, quadrupole, linear quadrupole ion trap (56), quadrupole ion trap, Fourier transform–ion
cyclotron resonance (FT-ICR), and orbitrap analyzers, may be used for this purpose; we describe
the main types in this section.

In a TOF analyzer, ions with different mass-to-charge ratios are dispersed in time after flight
through a field-free drift path of known length. The advantages of TOF include the ability to detect
high mass ions and efficient analysis of product ions. Magnetic sector analyzers are momentum
analyzers; the charged particles are separated by momentum-to-charge ratio in a magnetic field
due to the Lorentz force. Quadrupoles are widely used mass analyzers that provide excellent ion
transmission and mass resolution. At least three instruments, located at the Indian Institute of
Technology (IIT) Madras (52, 53), the Israel Institute of Technology (87), and the University of
Arizona (88), use a quadrupole as the mass analyzer in both ion selection and analysis chambers.
The instrumental designs used at IIT Madras and Arizona are very similar: Two quadrupoles are
positioned at 90◦, and at the intersection of the ion optics is a surface whose collision angle is 45◦

with respect to the surface normal.
FT-ICR mass spectrometers offer very high resolving power and the highest available mass

accuracy. One can study the energy of the scattered ions ejected from the surface after projectile
ion collision prior to mass analysis by placing an energy analyzer immediately before the mass
analyzer. Such analyses can also be performed by stopping potential measurements in quadrupole
instruments.

2.4. Temperature-Programmed Desorption

TPD is a widely used spectroscopic technique in which gaseous molecules or atoms adsorbed onto
a surface are analyzed by desorption during heating. Heating is carried out by linear temperature
ramps. In TPD, the desorbed particles are analyzed either by a pressure gauge or by a mass
spectrometer. TPD provides information about, for example, the heat of adsorption, adsorbate
coverage, dissociative and nondissociative adsorption processes, the kinetics of desorption, the
type of adsorption sites, surface reactions, and the entropy of desorption.

2.5. Reflection Absorption IR Spectroscopy

RAIRS is a well-known surface-sensitive spectroscopic method. In this technique, the incident IR
beam (polarized or otherwise) is measured in absorption mode with an external detector following
reflection from the surface under study (Figure 2). Through measurements of specific vibrational
features, RAIRS provides information about the nature of the surface species that arise from
surface reactions. It is a powerful tool for surface structure determination due to the dependence
of absorption on the polarization of light. RAIRS is an important tool for determination of the
binding site of adsorbates such as CO and NO, and it supplies information about the surface
reaction pathways for catalytic processes.

3. RESULTS

3.1. Studies Using Self-Assembled Monolayers

One of the most-studied types of molecular solids consists of self-assembled monolayers (SAMs),
which are highly ordered molecular films grown on a well-defined surface, usually Au(111). To
provide a glimpse into the diverse phenomena that can be observed through LEIS, we present
the surprising finding of multiple fluorine abstraction by a single W+ ion collision event on a
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fluorinated SAM. W+ ions with a laboratory collision energy of 30 eV, produced from the impact
of W(CO)6 molecules on a CF3-terminated SAM (F-SAM) grown on Au(111), to provide a set
of peaks corresponding to WFn

+ ions (n = 1, 2, . . . 5) with a unique intensity pattern (89). Such
transition-metal chemistry was subsequently extended to many ions and surfaces in an effort to
better understand the chemical nature of surfaces with extreme surface sensitivity. The projectile
ions used in these so-called pickup reactions can be considered as chemical probes and used to
understand the surface. However, this process also can cause surface transformations that can be
used to pattern surfaces with reaction products formed by fluorine removal at selected impact sites.
A fascinating aspect of these collisions is the relative interaction between such F-SAM surfaces
and certain ions. Miller et al. (82) exploited this property to develop nonreactive patterning based
on ion soft landing. Developments in this area have been described in detail elsewhere (81, 90).

Another widely studied molecular solid is water ice. The properties, surface structure, and reac-
tions of ice have been studied in significant detail because of their importance to several chemical
and physical processes that occur at low temperatures (90, 91), as well as their catalytic role in polar
stratospheric clouds in the depletion of the ozone layer (1–3, 92) and their relevance in chemistry
in the interstellar medium (25, 93–95). Ice surfaces prepared at low temperatures offer a unique
environment in which to investigate various chemical and physical processes, such as diffusion
(21), cluster formation (40, 41), phase transition (96, 97), chemical reaction, hydrogen/deuterium
exchange (98–106), interactions with small molecules (46), and adsorption (26, 30). All these phe-
nomena can be promoted and/or identified with hyperthermal energy (1–100-eV) ion collisions.
They can also be followed with other well-known detection techniques. Several reviews on this
topic are available (48, 74, 81, 86, 107–109). Below, we describe some of these studies to illustrate
recent developments.

3.2. Molecular Diffusion/Intermixing

Hyperthermal energy ion collision is an effective technique for the study of ice surfaces and
diffusion processes within an ice structure. At low temperatures, ice surfaces provide a reaction
environment that is unique in comparison with that of the liquid state. Diffusional mixing of H2O
and D2O has been investigated with LEIS (110). In this study, the authors deposited amorphous
H2O onto a ruthenium substrate and performed fractional deposition of D2O onto the H2O
surfaces in the temperature range between 100 and 140 K, followed by time-dependent reactive
ion scattering. The time required for interlayer mixing was approximately 1 h at 100 K, but at
140 K, it was several seconds. At higher temperatures, diffusional mixing is easier to perform due
to molecular motion and self-diffusion. The activation energy of diffusion measured at the surface
was Ea

surface = 14 ± 2 kJ mol−1, whereas in the bulk it was Ea
bulk = 71 ± 4 kJ mol−1 (110,

111). Thus, diffusion at the surface is more significant than in bulk at 100–140 K. This finding
indicates higher mobility on the surfaces and demonstrates that reaction preferentially occurs on
ice surfaces, rather than in the bulk, at low temperatures.

The transport of protons or hydroxyl ions through ice is a fundamental phenomenon in physical
chemistry. Both protons and hydroxyl ions are likely to stay at the surfaces (112, 113). One proton
transport experiment involved the deposition of H2O onto a D2O layer; the excess protons were
generated from HCl ionization at the interfaces. At low temperatures (<120 K), molecular motion
was frozen, and proton or hydroxyl ion transport occurred by a proton hopping (Grötthuss)
mechanism; molecular reorientation required relatively higher temperatures (100). The same
research group also carried out a similar experiment with hydroxyl ions generated by sodium
hydrolysis (113). The surface affinity of protons or hydroxyl ions can be used to study catalytic
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Figure 3
Spectra showing the difference in diffusive mixing between CHCl3 molecules at two different coverages of
amorphous ice (ASW): (a) 250 and (b) 300 monolayers (ML). At 300 ML, the diffusive mixing of CHCl3
molecules stops; the spectrum contains only H3O+ and (H2O)H3O+ peaks. At 250 ML, all the peaks arising
from the CHCl3 molecules are present. Reproduced with permission from Reference 53. Copyright 2007,
American Chemical Society.

reactions on ice surfaces. A more recent study revealed the asymmetric transport of hydronium
and hydroxyl ions through an ASW surface at low temperatures (<100 K) (78).

Hyperthermal energy Ar+ ion scattering and sputtering are other important tools to explore
the chemistry that occurs at the very top surface of molecular solids. Diffusion of small molecules
such as chloromethanes and their interaction with ice have been investigated with hyperthermal
energy Ar+ ion sputtering (53). In this study, different chloromethane molecules were deposited
on a polycrystalline copper substrate, followed by water ice deposition; the Ar+ ion sputtering
experiment was then performed in the temperature range between 110 and 150 K. The results
showed that various chloromethane molecules diffuse at different rates through ASW. In the case of
CCl4 molecules, diffusive mixing was almost completely precluded, whereas other chloromethane
molecules diffused easily through ASW. Figure 3 shows the diffusive mixing of CHCl3 molecules.
When 250 monolayers [one monolayer comprises ∼1015 molecules cm−2 (114)] of ASW were
deposited on 50 monolayers of CHCl3 molecules, the sputtering spectra showed CHCl3 peaks,
along with H3O+ peaks. However, for 300 monolayers of ASW, only H3O+ and H5O2

+ peaks were
present, implying that CHCl3 molecules can diffuse through 250 monolayers of ASW, whereas
CCl4 molecules can diffuse through only 4 monolayers. The interaction energies between the
chloromethanes and ASW are, in order, CH3Cl > CH2Cl2 > CHCl3 > CCl4—the reverse of
what occurs in the liquid-phase interaction.

The interaction between n-butanol (NBA) and ice has also been studied. NBA diffused through
1,000 monolayers of ASW, but water did not diffuse through 5 monolayers of NBA (47). Another
study of the interaction between carboxylic acids—specifically, formic acid, acetic acid, and propi-
onic acid—and water ice demonstrated structural reorientation and a strong interaction between
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acetic acid and formic acid and water ice, which led to the formation of oligomers. Propionic acid
did not strongly interact with the water ice (52).

3.3. Molecular Reaction/Interaction

Hyperthermal energy ions are useful for the study of reactions on surfaces and for the production
of surface modifications. A recent investigation of ultralow-energy (1-eV) proton collisions on ice
surfaces revealed that H2

+ ions formed from the surfaces (9). Figure 4 shows the formation of
H2

+ ions from H2O after collision of 2-eV H+ ions, as well as the results from 1-eV collisions.
H2

+ ion formation was more efficient in the case of ASW than with CW (9) because of the
presence of greater numbers of dangling −OH bonds on ASW. This reaction has implications
for interstellar chemistry and plasma-etching processes. A molecular dynamics study of proton
collision on CW revealed proton reflection and collision-induced water desorption at low incident
energies (0.05–4 eV) (72).

The reaction of small molecules such as CO (34), CO2 (115), SO2 (77), and NO2 (116);
hydrolysis of sodium (117); and ionization of HCl molecules (18) have been studied on ice surfaces.
The reaction between small molecules on ice surfaces is important in the context of atmospheric
and environmental science. Hydrolysis of sodium produces Na+ and OH− ions on ice surfaces;
the latter tend to reside on the ice surfaces, whereas the former migrate into the bulk (117).
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Figure 4
Mass spectrum generated after bombardment of 2-eV H+ ions on compact amorphous ice (cASW) and
crystalline ice (CW). The spectrum from cASW is shifted vertically for clarity. (Top inset) The result of
collision of 1-eV H+ ions on cASW and D+ ions on condensed D2O, respectively, at 125 K. (Bottom inset)
A simplification of the experiment shown in the top inset. Abbreviation: ML, monolayers. Reproduced with
permission from Reference 9. Copyright 2011, American Chemical Society.
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Figure 5
Temperature-programmed low-energy ion scattering (LEIS) measurements for signals of interest detected
on the surface of a D2O–ice film exposed to 0.3 Langmuir of SO2 at 80 K. The reactive ion scattering (RIS)
yield on the left ordinate is the ratio of the LEIS product to the Cs+ signal intensity (CsX+/Cs+, where X is
a neutral molecule on the surface). The appearance of CsSO2

+ and CsDSO2
+ signals in LEIS indicates the

presence of SO2 and DSO2 species, respectively, on the surface. Other LEIS signals observed on the surface
include OD−, SO2

−, DSO2
−, and DSO3

−. The temperature ramping rate was 1 K s−1. Reproduced with
permission from Reference 77. Copyright 2009, American Chemical Society.

CO2 interaction on ice films in both neutral and basic conditions did not yield any CO2–water
complexes or hydrolysis products in the temperature range between 80 and 180 K. Sufficient
hydrogen bonding between OH− ions and the ice surface suppressed the ions’ reactivity toward
CO2 (115). NO2 adsorbs molecularly on ice surfaces at 90 K and readily converts to HONO
following heating at 140 K (116). This finding implies that the heterogeneous hydrolysis of NO2

is an important source of HONO formation. Efficient hydrolysis of NO2 at ice surfaces suggests
that the corresponding atmospheric reaction will be facile at the surfaces of water films, aerosols,
and icy particles.

A combination of hyperthermal ion collision and TPD has been used to investigate the in-
teraction of SO2 and water ice at temperatures above 80 K. Figure 5 shows the evolution of
different chemical species, measured from a D2O film adsorbed with SO2 through temperature-
programmed LEIS (5). The authors of this study identified three types of intermediate chemical
species, including a solvated SO2 species with a partial negative charge, a partially charged DSO2

species, and a strongly ionic DSO3-like species (77). Efficient formation of these species at low
temperatures indicates that the reaction involves a low energy barrier.

H2SO4 formation has also been observed through the deposition of H2O and SO3 in different
proportions (77). Interactions between molecules such as Cl2 (118), Cl2O (118), and ClONO2

(2, 119), which are relevant to polar stratospheric clouds, have been studied on ice surfaces with
static secondary ion mass spectrometry (SIMS) (119). The interaction between Cl2 and ice was min-
imal at 90 K. The Cl2 molecules and water reacted following heating to 130 K, which produced a
mixed film of water, HClO, and solvated HCl (118). Unlike Cl2, Cl2O did not react with water ice at
90 K; it showed only a hydrogen bond–like interaction at 130 K (118). ClONO2 deposited on pure
water ice began to desorb at 120 K without any reaction, but in the presence of HCl it reacted
promptly above 120 K and formed NO3

− ions, providing evidence for the formation of HNO3

adsorbate (119).
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Figure 6
Plot of Ar+ ion scattering intensity versus temperature variation on various ice surfaces. The ion scattering
intensity on a bare copper (Cu) surface is indicated by open circles, on 50 monolayers (ML) of amorphous
ice (ASW; H2O) by open squares, on 50 ML of ASW (D2O) by filled squares, and on 50 ML of crystalline
ice (CW; H2O) by filled circles. Comparing the ion scattering intensities of these four surfaces shows that
the phase transition can be probed with the ultralow-energy ion/surface collision technique. (Inset) Typical
1-eV Ar+ ion scattering mass spectra of 50 ML of ASW for three different temperatures, averaged for
50 scans. Reproduced with permission from Reference 120. Copyright 2008, American Chemical Society.

3.4. The Phase Transition

The phase transition of thin ice films can be studied with different spectroscopic or spectrometric
techniques. Two techniques are discussed here.

At IIT Madras (53), ultralow-energy ion scattering was used to probe a phase transition that
occurs at approximately 120 K. ASW and CW films were formed on a copper surface, and an
ultralow-energy ion scattering experiment was performed as a function of temperature. The result
(Figure 6) compares the 1-eV Ar+ ion scattering intensity variation on ASW, with respect to
CW. The transformation from ASW to CW is evident at 120 K but was irreversible because
the ion scattering intensity did not change when the temperature was lowered from 150 K to
110 K. When the kinetic energy of the impinging ions was increased to 8 eV, the ions were
unable to “identify” the structural change on the ice film. Therefore, ultralow-energy ions in the
range between 1 and 3 eV should be used for such experiments because, in the ultralow-energy
regime, collision of ions with surfaces depends on two factors: the translational energy of the
projectile and its potential energy. At 110 K, ice surfaces have a porous structure that disappears at
120 K due to surface reorganization. Thus, trapping and the possibility of neutralization decrease,
and the ion scattering intensity in this window increases (Figure 6). Moreover, the surface work
function varies among different surfaces. CW has a 0.3 eV–higher work function than that of
ASW (2.45 eV) (120). The structural transformation from ASW to CW reduces −OH dangling
bonds and increases the work function. This change affects the scattering intensity of noble-gas
ions, and structural transformations on the surfaces can be identified. In region 2 (120–155 K)
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the intensity remains constant because no further change occurs, and in region 3 (155–180 K),
desorption causes neutralization of the incoming ions through interaction with desorbing water
molecules. Thereafter, the bare copper surface is presented to the incoming ions. This behavior
can be verified with appropriate surfaces.

Other investigators used another important technique, temperature-programmed TOF-SIMS,
to study phase transition in a series of molecular solids. They studied glass transition (Tg) and film
morphology changes in various molecular solids, such as water, methanol, ethanol, and 3-methyl
pentane, on different metallic and nonmetallic surfaces. The Tg of vapor-deposited water ice
occurred at 136 K, at which temperature water is transformed into a glassy solid (121). However,
other reports indicate that the Tg of water is 165 K (122). This study revealed that intermixing of
isotopically labeled water ice occurs at 136 K and that a film morphology change takes place at
165 K (122).

Apart from that of water ice, the Tg of methanol has been investigated in detail. The results
showed that the Tg of vapor-deposited methanol films begins at 80 K, which is 23 K lower than its
calorimetric Tg (22). In addition to water and alcohol, n-alkanes with no apparent Tg have also been
studied. n-Pentane shows translational diffusion before crystallization (123). The translational
diffusion in the film indicates that a liquid-like phase may appear immediately before crystallization.
Another interesting aspect of such films is that they form droplets after crystallization, and their
dewetting temperature depends on their initial thickness (86).

The presence of the liquid-like phase in water ice films has also been investigated. The liquid-
like phase (or supercooled water) is important because it can be an extension of liquid water. Its
presence in an ice film can be demonstrated in various ways (124), including by observation of
the interaction between alkyl halide salts (e.g., LiCl, LiI, and NaCl) and ASW. A drastic increase
in the solubility of these salts is expected to occur in supercooled water versus CW because the
dissolution of salts into CW is suppressed (125–128). This solubility difference revealed that,
above 136 K and below crystallization temperature, there is a phase similar to liquid water, known
as the supercooled water phase, wherein molecules have long-range translational diffusion. In this
phase, alkali halide salts dissolve. The existence of this phase is limited to the temperature range
between 160 and 165 K (127). A further study confirmed that ASW is likely to transform into
low-density liquid (LDL) above 136 K, and then to high-density liquid (HDL or supercooled
liquid), prior to crystallization. This finding implies that glassy water shows polymorphism, that
is, the presence of two distinct phases (129). Interestingly, the LDL is considered ultraviscous
because of the lower solubility of alkali halide salts. The transition from LDL to HDL takes place
at 160 K (130). Similar to water, molecular solids such as ethanol also showed polymorphism
when vapor-deposited. An investigation involving the solubility of LiI in ethanol ice revealed
the appearance of the liquid-like phase at 97 K and the crystalline phase at 130 K (131). Another
molecular solid, toluene, shows self-diffusion and dewetting at 105 K and 117 K, respectively
(132).

The effect of substrate on Tg values has also been explored. The Tg values of thin films
are expected to be lower than bulk Tg values because of the nanoconfinement effect, which
is similar to the lowering of melting point of such confined crystallites (86, 133, 134). To
observe the substrate and the free-surface effect on the Tg value of ASW, investigators
vapor-deposited water at 120 K on graphite and other ionic liquids (131). Self-diffusion and
film morphology changes were observed in the deposited ice film; these effects arise from
instability at the graphite interface. Dewetting of up to 20 monolayers of water was observed
on the hydrophobic graphite surface. A similar effect on Ni(111) was not observed because of
the presence of a so-called dead layer at the interface between the metal surface and the ice
(135).
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3.5. Soft Landing and Its Applications in Organometallics

In soft landing, polyatomic ions whose energy is between 10 and 20 eV are deposited intact
onto a target surface (82). The ions are not neutralized in this process. Without breaking the
covalent bond, the polyatomic ions dissipate the kinetic energy during impact, and the dissipated
energy changes the vibrational and electronic energy of the surface and the polyatomic ions.
Soft-landing experiments play an important role in the fields of materials science, engineering,
catalysis, nanotechnology, and biology (86). In 1977, the Cooks group became the first to conduct
a soft-landing experiment (75). In another early study, positively charged organic ions prepared
from desorption/ionization were landed on a target surface (136). In subsequent soft-landing
experiments, (CH3)2SiNCS+ ions, N,N-dimethyl-p-toluidine ions, and m-trifluoromethylbenzoyl
ions were collided separately on a fluorinated SAM or a long-chain alkyl SAM (H-SAM) (82,
137, 138). The release of projectiles from the SAMs following chemical sputtering illustrates the
nondestructive nature of this process.

Soft landing has been used in organometallics; here, metal complex molecules are pro-
duced in the gas phase, then gently landed onto the desired surface without any change or
rupture of the chemical bond. Complex molecules that are difficult to synthesize in solution
chemistry are often used in such cases. Metal–benzene and metal–salen [salen refers to N,N ′-
ethylenebis(salicylideneaminato)] are common organometallic compounds used in soft-landing
experiments (139, 140). Nakajima and colleagues (139) produced V(benzene)+ and Vn(benzene)n+1

ions (known as multidecker sandwich cluster ions) by laser evaporation, followed by soft landing
onto an argon matrix prepared on polycrystalline gold surfaces at 18 K. Subsequent IR surface
analysis revealed the nondissociative deposition of the desired ions on the surface.

In other studies, ions of transition metals such as titanium, scandium, and chromium were
deposited at room temperature onto different SAMs (141, 142). The collision energy ranged
between 10 and 20 eV. The soft-landed molecules on the SAMs were stable because the desorption
energy calculated from the TPD experiments was high (143). These experiments were performed
with V2(benzene)3

+ multidecker complex ions, which were landed onto a 1-octadecanethiol SAM
at a kinetic energy of approximately 20 eV (143, 144). A TPD experiment on the soft-landed
surface showed the presence of V(benzene)2 and the V2(benzene)2 molecules on the surface. These
molecules may have arisen from dissociation during landing on the SAM and may subsequently
have become immobilized in the SAM layer (Figure 7) (86).

The trapping of soft-landed ions depends on the density of the SAMs. SAMs prepared on gold
are well ordered and more densely populated than those on silicon. Therefore, the desorption
energy of V(benzene)-complex ions from a C16-SAM prepared on Si(111) is much lower than that
of a C16-SAM prepared on Au(111) (142). The orientation of the molecules following landing
depends on the nature of the SAM. The molecular axis of V(benzene)2 molecules in the H-SAM
substrate remains at 70–80◦ with respect to the surface normal (141). The molecular orientation
of other complexes [M(benzene)2; M = Ti or Cr] shows a similar trend, although chromium-
complex molecules have a lower-than-70◦ angle with respect to the surface normal (144). However,
in the case of F-SAM surfaces, the angles differ because of the repulsion between the π-electron
cloud of the benzene ring of the complex and the closest outermost −CF3 and −CF2 groups on
the side chain of the fluorocarbon axes of the F-SAM (86).

The reactivity of the complex cations landed on the SAM was subsequently investigated in
detail. VO(salen)+ and [Ni(salen)+H]+ ions were produced by electrospray ionization and, after
mass selection, were allowed to soft-land onto an F-SAM on gold (145). The TOF-SIMS analysis,
performed over 4 days following deposition, caused the reduction of VVO(salen)+ to VIII(salen)+.
This result indicates that the reduction was interfacial, not beam induced. However, the yield of
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Figure 7
The IR spectrum in the range between 800 and 1,500 cm−1 recorded after the soft landing of approximately
one monolayer of V2(benzene)3 ions (2 × 1014 positive ions cm−2) at 200 K onto a 1-octadecanethiol
monolayer, along with the computed IR spectra of the singlet and triplet states of V2(benzene)3 ions. The
labels vs(CC), vi-p(CH), and va(CC) stand for the symmetric breathing mode of two terminal benzene rings,
the in-plane bending mode of these benzene rings, and the asymmetric C–C stretching mode of the central
ring, respectively. Reproduced with permission from Reference 86. Copyright 2012, American Chemical
Society.

VIII(salen)+ ions depended on the nature of the proton donor molecule needed for the reaction and
its residence time on the surface (145). In the reverse reaction, VIII(salen)+ was easily converted to
VVO(salen)+. This catalytic cycle of reduction and oxidation by a soft-landed vanadium complex
depended on two factors: the initial number of the proton source molecules and the rate of release
of the protons from the proton donor molecules (86).

4. SUMMARY AND FUTURE DIRECTIONS

The selected examples presented in this review, although they offer merely glimpses into an
exciting area, establish that many exciting areas of research have yet to be explored. Ultrahigh
surface sensitivity that can cause molecular transformations, extract chemical information, preserve
ionic species, and accommodate functional moieties—all in a spatially controlled fashion—is the
most fascinating aspect of such research. Completely new phenomena are expected to be discovered
on solids that have not yet been investigated.

One as-yet-unexplored research avenue involves catalysis at molecular solids. Another pertains
to the dynamics of events, which would probably be best explored with pulsed ion beams. All
such investigations can generate complete information only in conjunction with computational
studies, which can probe ultrafast dynamics. The development of techniques in this area would
enrich experimental efforts. From the experimental point of view, all these new approaches would
require new instrumentation with high transmission at low energies and high detector sensitivity.
Experiments on many molecular solids require temperatures lower than what can be attained
with liquid nitrogen. Given these diverse requirements, LEIS as an analytical tool will become
more instrumentation intensive during the coming years. Experimental curiosity and possible new
phenomena are likely to propel research in this area.
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99. Gálvez O, Maté B, Herrero VJ, Escribano R. 2011. HDO infrared detection sensitivity and D/H isotopic
exchange in amorphous and crystalline ice. Astrophys. J. 738:133

100. Lee C-W, Lee P-R, Kim YK, Kang H. 2007. Mechanistic study of proton transfer and H/D exchange
in ice films at low temperatures (100–140 K). J. Chem. Phys. 127:084701

101. Lu H, McCartney SA, Sadtchenko V. 2009. H/D exchange kinetics in pure and HCl doped polycrystalline
ice at temperatures near its melting point: structure, chemical transport, and phase transitions at grain
boundaries. J. Chem. Phys. 130:054501

102. Moon E-S, Yoon J, Kang H. 2010. Energy barrier of proton transfer at ice surfaces. J. Chem. Phys.
133:044709

103. Pan M, Pozun ZD, Yu W-Y, Henkelman G, Mullins CB. 2012. Structure revealing H/D exchange with
co-adsorbed hydrogen and water on gold. J. Phys. Chem. Lett. 3:1894–99

104. Park S-C, Jung K-H, Kang H. 2004. H/D isotopic exchange between water molecules at ice surfaces.
J. Chem. Phys. 121:2765–74

105. Souda R. 2005. TOF-SIMS analysis of ion-water interactions. Nucl. Instrum. Methods B 232:125–33
106. Weber AS, Hodyss R, Johnson PV, Willacy K, Kanik I. 2009. Hydrogen-deuterium exchange in pho-

tolyzed methane-water ices. Astrophys. J. 703:1030–33
107. Pachuta SJ, Cooks RG. 1987. Mechanisms in molecular SIMS. Chem. Rev. 87:647–69
108. Jacobs DC. 2002. Reactive collisions of hyperthermal energy molecular ions with solid surfaces. Annu.

Rev. Phys. Chem. 53:379–407
109. Gologan B, Green JR, Alvarez J, Laskin J, Graham CR. 2005. Ion/surface reactions and ion soft landing.

Phys. Chem. Chem. Phys. 7:1490–500
110. Jung K-H, Park S-C, Kim JH, Kang H. 2004. Vertical diffusion of water molecules near the surface of

ice. J. Chem. Phys. 121:2758–64
111. Livingston FE, Whipple GC, George SM. 1997. Diffusion of HDO into single-crystal H2

16O ice mul-
tilayers: comparison with H2

18O. J. Phys. Chem. B 101:6127–31
112. Lee C-W, Lee P-R, Kang H. 2006. Protons at ice surfaces. Angew. Chem. Int. Ed. 45:5529–33
113. Kim S, Park E, Kang H. 2011. Segregation of hydroxide ions to an ice surface. J. Chem. Phys. 135:074703
114. Moon E-S, Kang H, Oba Y, Watanabe N, Kouchi A. 2010. Direct evidence for ammonium ion formation

in ice through ultraviolet-induced acid-base reaction of NH3 with H3O+. Astrophys. J. 713:906–11
115. Kim YK, Park S-C, Kim JH, Lee C-W, Kang H. 2008. Interaction of carbon dioxide and hydroxide ion

at the surface of ice films. J. Phys. Chem. C 112:18104–9
116. Kim SK, Kang H. 2010. Efficient conversion of nitrogen dioxide into nitrous acid on ice surfaces.

J. Phys. Chem. Lett. 1:3085–89
117. Kim JH, Kim YK, Kang H. 2008. Hydrolysis of sodium atoms on water–ice films: characterization of

reaction products and interfacial distribution of sodium and hydroxide ions. J. Phys. Chem. C 113:321–27

116 Bag et al.

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
13

.6
:9

7-
11

8.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 I

nd
ia

n 
In

st
itu

te
 o

f 
T

ec
hn

ol
og

y 
- 

M
ad

ra
s 

on
 0

6/
18

/1
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



AC06CH05-Pradeep ARI 13 May 2013 12:42

118. Donsig HA, Herridge D, Vickerman JC. 1998. Static SIMS studies of reactions on mimics of polar
stratospheric clouds. II. Low-temperature, low-pressure interactions of Cl2 and Cl2O with solid ice
films. J. Phys. Chem. A 102:2302–8

119. Donsig HA, Herridge D, Vickerman JC. 1999. Static SIMS studies of reactions on mimics of polar
stratospheric clouds. III. Mechanism of chlorine nitrate decomposition and reaction. J. Phys. Chem. A
103:9211–20

120. Cyriac J, Pradeep T. 2008. Structural reorganization on amorphous ice films below 120 K revealed by
near-thermal (∼1 eV) ion scattering. J. Phys. Chem. C 112:5129–35

121. Johari GP, Hallbrucker A, Mayer E. 1987. The glass-liquid transition of hyperquenched water. Nature
330:552–53

122. Yue Y, Angell CA. 2004. Clarifying the glass-transition behavior of water by comparison with hyper-
quenched inorganic glasses. Nature 427:717–20

123. Souda R. 2009. Liquid-like nature of crystalline n-butane and n-pentane films studied by time-of-flight
secondary ion mass spectrometry. J. Phys. Chem. B 113:15831–35

124. Jenniskens P, Banham SF, Blake DF, McCoustra MRS. 1997. Liquid water in the domain of cubic
crystalline ice Ic. J. Chem. Phys. 107:1232–41

125. Souda R. 2006. Time-of-flight secondary ion mass spectroscopy analysis of Na adatoms interacting with
water–ice film. J. Chem. Phys. 125:044706

126. Souda R. 2006. Evidence of deeply supercooled liquid water in interaction with LiCl. J. Phys. Chem. B
110:14787–91

127. Souda R. 2007. Two liquid phases of water in the deeply supercooled region and their roles in crystal-
lization and formation of LiCl solution. J. Phys. Chem. B 111:5628–34

128. Souda R. 2007. Hydration of NaCl on glassy, supercooled-liquid, and crystalline water. J. Phys. Chem.
B 111:11209–13

129. Mishima O, Stanley HE. 1998. The relationship between liquid, supercooled and glassy water. Nature
396:329–35

130. Souda R. 2006. Liquid-liquid transition in supercooled water investigated by interaction with LiCl and
Xe. J. Chem. Phys. 125:181103

131. Souda R. 2008. Roles of deeply supercooled ethanol in crystallization and solvation of LiI. J. Phys. Chem.
B 112:2649–54

132. Souda R. 2010. Roles of individual and cooperative motions of molecules in glass–liquid transition and
crystallization of toluene. J. Phys. Chem. B 114:10734–39

133. Kawana S, Jones RAL. 2001. Character of the glass transition in thin supported polymer films. Phys. Rev.
E 63:021501

134. Souda R. 2012. Nanoconfinement effects on the glass–liquid transition of vapor-deposited 1-pentene.
J. Phys. Chem. C 116:7735–40

135. Souda R. 2006. Substrate and surfactant effects on the glass-liquid transition of thin water films. J. Phys.
Chem. B 110:17524–30

136. LaPack MA, Pachuta SJ, Busch KL, Cooks RG. 1983. Surface modification by soft landing of reagent
beams. Int. J. Mass Spectrom. Ion Phys. 53:323–26

137. Shen J, Yim YH, Feng B, Grill V, Evans C, Cooks RG. 1999. Soft landing of ions onto self-assembled
hydrocarbon and fluorocarbon monolayer surfaces. Int. J. Mass Spectrom. 182/183:423–35

138. Denault JW, Evans C, Koch KJ, Cooks RG. 2000. Surface modification using a commercial triple
quadrupole mass spectrometer. Anal. Chem. 72:5798–803

139. Judai K, Sera K, Amatsutsumi Si, Yagi K, Yasuike T, et al. 2001. A soft-landing experiment on
organometallic cluster ions: infrared spectroscopy of V(benzene)2 in Ar matrix. Chem. Phys. Lett. 334:277–
84

140. Peng W-P, Goodwin MP, Chen H, Cooks RG, Wilker J. 2008. Thermal formation of mixed-metal
inorganic complexes at atmospheric pressure. Rapid Commun. Mass Spectrom. 22:3540–48

141. Nagaoka S, Matsumoto T, Okada E, Mitsui M, Nakajima A. 2006. Room-temperature isolation of
V(benzene)2 sandwich clusters via soft-landing into n-alkanethiol self-assembled monolayers. J. Phys.
Chem. B 110:16008–17

www.annualreviews.org • Probing Molecular Solids with Low-Energy Ions 117

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
13

.6
:9

7-
11

8.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 I

nd
ia

n 
In

st
itu

te
 o

f 
T

ec
hn

ol
og

y 
- 

M
ad

ra
s 

on
 0

6/
18

/1
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



AC06CH05-Pradeep ARI 13 May 2013 12:42

142. Matsumoto T, Nagaoka S, Ikemoto K, Mitsui M, Ara M, et al. 2009. Characterization of alkyl monolayer
covalently bonded to Si(111) and soft-landing of vanadium-benzene sandwich clusters onto the alkyl
monolayer substrate. Eur. Phys. J. D 52:99–102

143. Nagaoka S, Matsumoto T, Ikemoto K, Mitsui M, Nakajima A. 2007. Soft-landing isolation of multi-
decker V2(benzene)3 complexes in an organic monolayer matrix: an infrared spectroscopy and thermal
desorption study. J. Am. Chem. Soc. 129:1528–29

144. Nagaoka S, Ikemoto K, Matsumoto T, Mitsui M, Nakajima A. 2008. Thermal and hyperthermal
collision-energy depositions of transition metal-benzene sandwich complexes onto a self-assembled n-
octadecanethiol monolayer. J. Phys. Chem. C 112:6891–99

145. Peng W-P, Johnson GE, Fortmeyer IC, Wang P, Hadjar O, et al. 2011. Redox chemistry in thin layers
of organometallic complexes prepared using ion soft landing. Phys. Chem. Chem. Phys. 13:267–75

118 Bag et al.

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
13

.6
:9

7-
11

8.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 I

nd
ia

n 
In

st
itu

te
 o

f 
T

ec
hn

ol
og

y 
- 

M
ad

ra
s 

on
 0

6/
18

/1
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



AC06-FrontMatter ARI 12 May 2013 13:24

Annual Review of
Analytical Chemistry

Volume 6, 2013 Contents

Is the Focus on “Molecules” Obsolete?
George M. Whitesides � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 1

Synthetic Nanoelectronic Probes for Biological Cells and Tissues
Bozhi Tian and Charles M. Lieber � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �31

Multiplexed Sensing and Imaging with Colloidal
Nano- and Microparticles
Susana Carregal-Romero, Encarnación Caballero-Dı́az, Lule Beqa,

Abuelmagd M. Abdelmonem, Markus Ochs, Dominik Hühn,
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Bare Clusters Derived from Protein Templates: Au25
+ ,

Au38
+ and Au102

+

Ananya Baksi,[a] Thalappil Pradeep,*[a] Bokwon Yoon,[b] Constantine Yannouleas,[b] and
Uzi Landman*[b]

1. Introduction

Clusters of noble metals, particularly gold, with precise nuclear-
ity (number of atoms) and overall molecular composition con-
tinue to be a topic of intense experimental and theoretical re-
search endeavors. These efforts aim at understanding the basic
factors, such as electronic structure, atomic packing, and ad-
sorbed layers that underlie the appearance of certain structural
motifs and control the size evolution, which bridges the clus-
ter-size domain with the bulk condensed phase. These studies
are also motivated by certain properties exhibited by clusters,
such as high chemical reactivity, catalytic activity and intense
luminescence, which may be exploited in future technolo-
gies.[1] While the structures of bare, as well as protected (passi-
vated), gold clusters have been studied for close to two de-
cades,[2] research activities on ligated analogues have intensi-
fied significantly in recent years[3–5] and crystal structures of
four of them, namely, Au25(SR)18,[3e,f] Au36(SR)24,[3k] Au38(SR)24,[4e]

and Au102(SR)44
[5a] (SR, alkyl thiolate ligand derived from RSH)

have been solved using X-ray crystallography total structure

determination, meaning determination of the atomic positions
of both the core and surface atoms.

Clusters protected with proteins[6] have been a rather recent
addition to this family of materials, with the clusters exhibiting
stable luminescence and the proteins retaining their biological
activity[6e] and biocompatibility. Certain clusters, for example,
Au13, Au25, Au38 and some others, have been proposed to exist
within protein templates. Mass spectrometry is an indispensi-
ble tool for investigations of clusters, particularly since precise
measurement of molecular composition is possible with soft
ionization methodologies such as laser desorption. However,
laser desorption and ionization often result in fragmentation of
the S�C bond on the cluster core, resulting in AunSm aggre-
gates. To date, formation of bare gas-phase Aun clusters, espe-
cially those with structural and electronic stability, has not
been observed in studies of metal cluster complexes with pro-
teins.

Cluster aggregation and growth from precursors via the as-
sembly of atoms or molecules, is accompanied by energy re-
lease and efficient removal of the aggregation and stabilization
energy, which is often achieved through collisional cooling and
is a prerequisite for stable cluster growth. Typically laser de-
sorption is followed by equilibration of the plasma in an inert
gas leading to the formation of clusters. This has been emi-
nently demonstrated in the case of fullerenes.[7] We considered
the possibility of forming stable clusters of gold using protein
templates as an energy relaxation medium—a heat-bath reser-
voir—during cluster growth.

In this paper, we show experimentally, through mass spec-
trometry, and theoretically, using first-principles quantum cal-
culations, that formation of stable gas-phase clusters with spe-

A discrete sequence of bare gold clusters of well-defined nu-
clearity, namely Au25

+ , Au38
+ and Au102

+ , formed in a process
that starts from gold-bound adducts of the protein lysozyme,
were detected in the gas phase. It is proposed that subsequent
to laser desorption ionization, gold clusters form in the gas
phase, with the protein serving as a confining growth environ-
ment that provides an effective reservoir for dissipation of the
cluster aggregation and stabilization energy. First-principles
calculations reveal that the growing gold clusters can be elec-
tronically stabilized in the protein environment, achieving elec-
tronic closed-shell structures as a result of bonding interactions

with the protein. Calculations for a cluster with 38 gold atoms
reveal that gold interaction with the protein results in breaking
of the disulfide bonds of the cystine units, and that the bind-
ing of the cysteine residues to the cluster depletes the number
of delocalized electrons in the cluster, resulting in opening of
a super-atom electronic gap. This shell-closure stabilization
mechanism confers enhanced stability to the gold clusters.
Once formed as stable magic number aggregates in the pro-
tein growth medium, the gold clusters become detached from
the protein template and are observed as bare Aun

+ (n = 25,
38, and 102) clusters.
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cific nuclearities (that is, a discrete sequence of cluster sizes
characterized by enhanced stability compared to other sizes)
can be achieved through the use of biomolecules, in particular,
proteins. Here, the proteins act as selective cluster nucleation
templates offering spatially confining protective growth vol-
umes and electronic stabilization of the aggregating metal
clusters. In addition, the proteins serve as effective reservoirs
for the removal of cluster formation and stabilization energy.
The results shown herein constitute the first observation of
protein-template-derived stable gas-phase clusters of formulae
Au18, Au25, Au38 and Au102, although their ligand protected ana-
logues have been known for some time. Most of our studies
used lysozyme, from chicken egg white (Lyz) as a model pro-
tein because of its relatively light mass, which allows the ac-
quisition of high-quality mass spectra in the monomer and oli-
gomer regions. Associated studies have also been conducted
with bovine serum albumin (BSA) and native lactoferrin (NLf).

The paper is organized as follows. In the Experimental Sec-
tion (at the end of the manuscript) we describe the experimen-
tal and theoretical methodologies. In Section 2 we present and
discuss our experimental (2.1–2.4) and theoretical (2.5) results.
We summarize our results in Section 3, and put them in per-
spective in the light of current and future investigations.

2. Results and Discussion

2.1. Observation of Size-Selected Bare Gold Clusters

A discrete sequence of bare gold clusters of well-defined nu-
clearities, Au25

+ , Au38
+ and Au102

+ were created in a process of
laser desorption, which starts from gold-bound precursor ad-
ducts (Lyz–Au) of the protein, Lyz. The adducts were made by
incubating HAuCl4·3 H2O with Lyz at room temperature (30 8C)
at various concentrations (see the Experimental Section). In the
Lyz–Au adducts, gold exist in the + 1 form as seen from X-ray
photoelectron spectroscopy (XPS) in the Au 4f region[6g] and
the reduction (Au3+ to Au1+) is proposed to occur by amino
acids and/or by the oxidation of the cystine disulfide bonds in
the protein[11] (Section 2.5). Luminescent gold clusters in pro-
tein templates are formed from these adducts upon exposing
the system to an alkaline medium.[6g] The Lyz–Au adducts ob-
served by us here, however, are not luminescent in the visible
spectral window. Several macromolecules such as DNA are
known to produce noble metal clusters although reduction
typically uses external reducing agents.[8a] Protein-protected
clusters generally invoke the mechanism of tryptophan-in-
duced reduction.[8b] For this study, we prepared the Au1 + state
in the solution phase and conducted laser desorption on this
material in the solid state.

The protein used in this study, lysozyme, has 129 amino
acids, including eight cysteine residues, �SCH2CH(NH2)CO2H.
These cysteine residues form four disulfide bonds, thus making
four cystines, located between positions 6–127, 30–115, 64–80
and 76–94. As we show below, our theoretical simulations pre-
dicted, and experiments confirm[6i] that interaction with gold
results in splitting of the cystine disulfide bonds. For the
parent protein, matrix-assisted laser desorption ionization mass

spectrometric (MALDI-MS) analysis shows a series of peaks in
the positive ion spectrum corresponding to Lyz+ (m/z 14,363)
and its oligomers such as Lyz2

+ (m/z ~28 810), Lyz3
+ (m/z

~43 300), and so forth, along with Lyz2+ (m/z 7180), with un-
certainty increasing with an increase in the mass number.
Except for the Lyz2+ feature, the mass spectrum of the parent
Lyz does not show any signal in the m/z range of 3000–9000
(Figure 2, bottom-most trace). However, spectra of the Lyz–Au
adduct present a completely different picture where distinctly
different peaks are seen. These features keep increasing in in-
tensity as a function of the Au3 + concentration used to make
the adduct. An examination of the mass spectrum shows that
the new peaks are mostly spaced at m/z 197, due to Au. The
maxima of the peaks correspond to Au18S4

+ , Au25
+ and Au38

+

with a separation due to Au on either side of the maxima
(Figure 1, note the regions marked a, b and c). While the ions
in the Au25 region are composed solely of gold, the Au18

region shows ions with some sulfur additions, in the form of
Au18 + nS4 + m

+ . We conjecture here that these sulfur additions
are the result of interaction of Au with the protein medium in
which the metal cluster ions are formed. This is supported by
the predictions of our first-principles calculations (see below)
and experimental measurements[6i] (see also Figure S5, Sup-
porting Information). In the Au18

+ region, sulfur attachment is

Figure 1. MALDI-MS of Lyz–Au adduct in the linear positive mode showing
distinct features of Au clusters. The spectrum of parent Lyz is also shown.
The bare cluster series seen are separately shown: a) Au18S4, b) Au25 and
c) Au38 and d) Au102. The peaks show a separation of m/z 197. The circled
region of (c) shows a Au uptake of Lyz2+ with a separation due to the Au2 +

series. In (e) the experimental spectrum in the Au25 region is compared with
the calculated peak positions (in red). Colors of the traces correspond to the
Au3 + concentration used, which are indicated.
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again evidenced by additional mass increase in the Au20
+

mass, where the peak corresponds to Au20S5
+ . The series of

bare clusters are labeled such that the highest-intensity peak is
marked as n = 0. Peaks above and below n = 0 imply that clus-
ters of relatively poor stability are also formed. It is noteworthy
that while different ions are seen in the spectrum around the
Au18

+ and Au25
+ regions, the Au18S4

+ and Au25
+ species them-

selves are highest in intensity.
The Au38

+ region overlaps with Lyz2+ and its Au pick-up
peaks (see below), but the latter are much weaker in intensity
at the highest Au3 + concentration used. At this concentration,
the mass spectrum is spaced at m/z = 197, due to gold, while
for (Lyz–Aun)2+ , the peaks are separated by 99. The nearly
100 Da mass difference (between Au2+ and Au1 +) is easy to be
resolved at this mass range by the instrument.

Upon further examination of the mass spectrum, other ions
such as Au102

+ are also observable. In this mass region (Fig-
ure 1 d), the clusters appear in the spectrum above a gold con-
centration of 0.625 mm and there was no ion signal of signifi-
cance below this concentration regime. In this range, adjacent
cores are nearly equally stable as intensity difference is not too
high between the peaks. The mass assignments are accurate
as a comparison of the experimental and theoretical mass
numbers in the Au25

+ region would indicate (Figure 1 e). For
the other regions, experimental and theoretical peak positions
are compared in Figure S1.

Lysozyme is a rather small protein and in solution it is un-
likely to accommodate gold clusters of 25, 38 or 102 atoms in
a single molecule. Indeed as we discuss in section 2.2, a Lyz
molecule is found to attach only up to ~10 Au atoms. Conse-
quently, we propose that reactions in the plasma generated
after laser ionization/desorption to underlie the formation of
the detected gold clusters. Upon laser irradiation, a gaseous
plasma is created, composed of ions and neutrals of gold
atoms and aggregates, protein molecules, and Lyz–Au adducts,
as well as electrons. We also note here that gaseous Lyz–Au
adducts are likely to be conformationally modified compared
to the solution phase. These plasma constituents interact to
form larger aggregates (as known in the case of plasma de-
sorption). Such reactions may include the following reaction
schemes (and cascades thereof) [Eqs. (1)–(3)]:

Aun þ Aum
þ ! Aunþm

þ, Aun þ Aum ! Aunþm

n,m ¼ 1,2,3, . . . ,
ð1Þ

½Lyz� Aum�þ þ Aun ! ½Lyz� Aumþn�þ
m ¼ 0,1,2, . . . :; n ¼ 1,2,3 . . . :,

ð2Þ

½Lyz� Aun�þ þ Lyz� Aum ! ½Lyz� Aunþk�þ þ Lyz� Aum�k

n,m ¼ 1,2,3,:; k ð� mÞ ¼ 1,2, . . . ,
ð3Þ

where Equation (3) describes metals transfer between two Lyz–
Au adducts. As discussed by us below (Section 2.5), in the Lyz–
Aun adduct, the gold cluster is anchored to the protein
through binding to the cysteine residues resulting from bar-
rierless cleavage by gold of the cystine disulfide bond with
four cystine groups per lysozyme molecule. The disulfide bond

cleavage is accompanied by changes in the protein molecular
conformation (Sections 2.5 and S5). We note here that Aun

+

(with n = 1, 2, 3,…) species are seen in the laser desorption
mass spectrum of Au salts. These occur due to photoreduction
and reactions of the type described in Equation (1). Larger ag-
gregates by the extension of the same process occur here be-
cause of the delayed extraction (used in MALDI-MS) of the
ions. In our experiments, the ions (and neutrals) formed are ex-
tracted only after a finite delay time of 1200 ns to allow the
desorbed species in the gaseous plasma to interact (see de-
scription of the MALDI-MS method in the Experimental Sec-
tion). The plasma reactions between low-energy ions and neu-
trals have a number of precedents. For example, we note here
observation of C(60+ n)

+ in secondary ion mass spectrometry
(SIMS)[9] of C60 films (due to gas-phase reactions between C60

+

and C2 species, derived by fragmentation of C60). In our case,
the above reactions are further facilitated by the abundance of
protein molecules (and their gold-cluster adducts) in the
(plasma) reaction zone, since their relatively large mass slows
down their movement and separation from the plasma cloud.
Relaxation of the metal cluster aggregation energy (binding
and excess vibrational energies) is facilitated by coupling of
the growing metal cluster to the large number of degrees of
freedom of the host protein molecule. As gold clusters evolve
following the above growth processes, certain cluster nucleari-
ties, that is selected cluster sizes (number of gold atoms) of en-
hanced stability are formed (for the electronic stabilization
mechanism of “magic number” cluster sizes, see Section 2.5),
and they eventually detach from the lysozyme template, and
get detected as bare gold cluster cations.

2.2. Au Uptake by Lyz—Observations in the Solid State

The bare clusters are formed from Au–protein adducts, which
are seen in the integral form in the MALDI MS spectra. As men-
tioned before, the positive ion spectrum of Lyz displays fea-
tures due to Lyz+ and its oligomers along with Lyz2 + (Figure 2,
bottom-most trace). For Au1 +–Lyz, these peaks are shifted to
higher masses. For the Lyz+ peak, the maximum intense fea-
ture showed a mass shift of about 600 Da from the parent Lyz,
due to Au pick-up. Upon closer examination, multiple peaks
are seen, starting from parent lysozyme peaks and each one of
the peaks is separated by m/z 197 due to Au. A maximum of
nine Au additions were seen for Lyz+ , with reduced intensity
(this region is expanded in inset a). Gold uptake is also exhibit-
ed by Lyz2

+ giving (Lyz2–Aun)+ (inset b). The larger Lyz aggre-
gates (Lyz3

+ , Lyz4
+ ,…) also take up gold, as shown in Figure 2,

but the resolution is not adequate to see individual Au uptakes
clearly at Lyz3

+ and beyond. The number of Au uptake peaks
increases with increase in Au3 + concentration (spectra at vary-
ing Au3+ concentrations are shown in Figure 2) and the inten-
sity of free protein without any Au attachment decreases si-
multaneously. Thus we conclude that up to ~10 Au attach-
ments are possible in Lyz–Aun adducts. In any case, at the con-
centrations used (maximum molar ratios of 1:3 for Lyz:Au), it is
unlikely that in solution (and thus in a solid made from that so-
lution) a protein molecule would pick up a much larger
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number of gold atoms (e.g. 25, 38 or 102), although aggre-
gates of protein–gold adducts may have such numbers of gold
atoms.

The attachment of gold to the lysozyme molecule is likely
due to the cystine residues, which act as protecting thiolates
and upon reaction with Au3+ , the latter is converted to Au+ .[10]

The lower mass region of the spectrum shows the bare clus-
ters, shown in Figure 1. As the (Lyz–Aun)2 + peaks overlap with
the Au38 + n

+ region, we have confirmed the authenticity of the
assignments by comparing the spectrum with the calculated
masses of Au38 + n

+ (Figure 2, inset c) where we can see that
some of the peaks due to (Lyz–Aun)2+ are distinctly different.

2.3. Study of the Solution State

To explore whether the gold clusters form in the solution, we
undertook an electrospray ionization mass spectrometry (ESI-
MS) study of the Lyz–Au adducts. Lysozyme gives well-defined
mass spectra and good charge distribution. The + 10 charge is
the most stable in the case of both the monomer and the
dimer in the spectral range studied. From the ESI-MS studies
(Figure 3), it is evident that Au is picked up by the protein at
all the concentrations studied. Here, larger relative intensities
are found for the Au-added peaks with an increase in the Au3 +

concentration. The separation due to multiple Au atom pick-
ups can be also seen at high concentration of Au3 + , especially
in the dimer region (these are marked in the inset). Both the
Lyz monomer and dimer show maximum intensities corre-
sponding to the + 10 charge state, implying that this state is
the most stable, as in the protein mass spectrum. The separa-
tion between the main protein peak and the gold uptake
peaks changes with the charge state: the separation is 19.7 for
+ 10 charge while it is 21.9 for + 9 and 24.6 for + 8. In these

spectra, a limited number of Au uptakes is seen, unlike in the
MALDI-MS data where up to nine Au additions are seen. This is
probably due to the increased Columbic repulsion of multiply
charged states as in 10 + and consequent loss of the metal ion
to increase the stability. From the ESI-MS data, we conclude
that the bare gold clusters observed in the MALDI mass spec-
trum (Figure 1 and 2) do not form in the solution phase.

2.4. Dependence on Other Factors

Several control experiments were performed and the impor-
tant ones are presented below:

1) To prove that the chemistry seen is independent of the
photon flux, a laser-intensity-dependent study was per-
formed. MALDI-MS did not show significant laser intensity
dependence, although the Aun

+ peaks were enhanced with
increasing intensity (Figure S2). No new features were seen
at higher intensity. In the Au18

+ region one continues to
observe the aforementioned Au18 + nS4 + m

+ features (Fig-
ure 1 a) even at higher laser intensities, indicating the ab-
sence of Au�S bond breakage. These results are important
as typically at increased laser intensity, fragmentation
occurs, especially when the linkages are weaker as in the
case of ligand protection of a metal core.

2) Several proteins known to make luminescent clusters in so-
lution[6] were probed to make bare clusters. The data (Fig-
ure S3) suggest that while lysozyme is most efficient in
cluster formation, others such as bovine serum albumin
(BSA) and NLf also make clusters. The parent proteins do
not show any peaks in this mass range.

3) While clusters form in both the positive- and negative-ion
modes, cluster formation was more efficient in the former
(Figure 4), as typically negative ions are 500 times weaker
than the corresponding positive ion signals. No new fea-

Figure 2. MALDI-MS spectrum of as-synthesized Lyz–Au adduct in the linear
positive ion mode at various concentrations of Au3+ used for incubation.
The spectrum shows Au attachment, seen at the various peaks derived from
Lyz such as the monomer (Lyz), dimer (Lyz2), trimer (Lyz3), and so forth. Ex-
panded views show multiple Au attachment to a) Lyz and b) Lyz2

+ . In (c)
theoretical (red) and experimental (black) values for Au38

+ region along with
Au uptake by Lyz2 + are compared. In these traces (c), two Au3 + concentra-
tions are used: 5 mm (black) and 2.5 mm (blue) because of their good inten-
sity. All the colors used are the same as those mentioned in Figure 1.

Figure 3. ESI-MS spectrum of Lyz–Au adduct in the positive-ion mode, in the
region of m/z 500–4000. The peaks observed are due to Au uptake by Lyz at
different charge states. Peak separation is corresponding to the Au uptake
by that specific charge state. Insets: a) peaks of the Lyzn + series and b) the
same for the Lyz2

n + series.
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tures were seen in the negative mode. In the negative
mode the Au38

+ and Au102
+ regions are not well-resolved.

From this study, it is confirmed that the as-prepared bare
clusters are more stable in the cationic form. Therefore, all
other studies were carried out in the linear positive mode.

4) The precursor solution was investigated over time to see
any time dependent changes occur in MALDI-MS (Fig-
ure S4). There was no change in the peak positions in the
Au18

+ and Au25
+ region, only the intensity was increased.

The enhanced intensity may be due to the availability of
more Au+ ions with time as more Au3+ is expected to be
consumed to become Au+ . In the Au38

+ region, the spectra
show a somewhat more pronounced dependence on the
solution incubation time than for the other sizes (Au18

+ ,
Au25

+ and Au102
+ regions). Just after mixing Au3+ with the

lysozyme, the peaks do not appear properly. However,
(Lyz–Aun)2 + peaks that overlap with the Au38

+ came up.
After two hours from mixing, the peaks began to appear,
but not with sufficient intensity. After four hours of reac-
tion, peaks in the Au38

+ region started to become promi-
nent. But after six hours, the intensity increased significant-
ly and kept getting higher, and by twelve hours, became
comparable to the intensity of the Au25

+ region. It is perti-
nent to note here that it has been reported that in the so-
lution phase, upon passage of time, Au25 becomes the only
prominent cluster among a mixture of clusters.[3j] The larger
mass-spectrometrically-measured abundance of Aun

+ (n�
38) bare clusters indicates that it is harder to accommodate
and sustain the growth of larger clusters (e.g. n = 102) in
the lysozyme template. This is most likely because the pro-
tein’s relatively small size restricts (conformationally) the
size of the forming gold cluster. The above-noted some-
what larger sensitivity of the Au38

+ cluster to the solution
incubation time, may arise because of specific structural
characteristics of certain solution Lyz–gold adducts (with
up to about ten gold atoms per lysozyme molecule) that

(kinetically) require more time to form, and that subse-
quent to laser ionization and desorption (Section 2.1) react
favorably to form this size cluster. Overall, we conclude that
the above observations further supports our conclusions
about the role of the protein molecules in the cluster for-
mation process, acting as a gold storage medium, enabling
the nucleation, growth and stabilization (see below) of
gold clusters.

2.5. Theoretical Studies

Since the mechanisms and dynamics of the cluster growth pro-
cesses are not amenable for investigation with mass spectrom-
etry, these aspects are outside the scope of this paper. Instead
we focus on experimental identification and characterization of
the products of the interaction between gold and protein mol-
ecules, and on theoretical exploration of certain size-depen-
dent stabilization mechanisms mediated by the interaction of
the formed gold clusters with the protein growth medium. In
particular, in our theoretical discussion, we focus on binding of
the gold clusters to the cysteine residues that result from dis-
sociative interaction of the clusters with the dimeric amino
acid, cystine, of the lysozyme molecule.

As aforementioned, cluster formation must be accompanied
by efficient dissipation of the heat of aggregation by the
growth medium. Macromolecules, in general, and proteins in
particular, are characterized by a vast number of degrees of
freedom, covering a broad energy (frequency) range. Conse-
quently, it is likely that vibrational motions and (local) confor-
mational changes of the host protein molecules would facili-
tate efficient removal of the heat generated in the process of
gold cluster nucleation and growth. We postulate that the ob-
served growth of metal clusters in the protein environment in-
volves formation of protein-bound metal cluster nuclei whose
growth is facilitated by dissipation, annealing and equilibration
processes. Furthermore, in this picture, the specific chemistry
of the protein template and its interaction with the gold clus-
ters play an important role in (electronic) stabilization of cer-
tain self-selecting “magic” sizes. The rest of this section is de-
voted to investigations of the electronic factors governing
such cluster stabilization processes.

Of particular interest is the mass spectrometric measurement
pertaining to the formation of a discrete, limited-in-number,
series of metal clusters that punctuates the sequence of inte-
gers—specifically, gold cation clusters with 25, 38 and
102 atoms (Figure 1). This size-sequence of bare gold clusters
is particularly interesting since it is the same as that found ear-
lier for thiolate-protected gold clusters. However, in the latter
case, the clusters are protected by a large number of ligands,
that is, Au25(SR)18,[3e,f] Au38(SR)24,[4e] and Au102(SR)44

[5a] (see also
earlier findings in refs. [2b, c]), while in the present case the
number of accessible thiols is limited by the number of cys-
tines in the lysozyme molecule. We tacitly assume that be-
cause of steric effects (crowding), a given gold aggregate may
simultaneously interact (i.e. form an adduct complex) with just
a small number of lysozyme molecules, through formation of

Figure 4. Positive (blue) and negative (red) MALDI-MS spectra of the Lyz–Au
adduct in the linear mode at a concentration of 5 mm Au3 + as all the peaks
are coming with good intensity at this concentration. In the negative mode
the intensity is 500 times less than in the positive mode and therefore the
spectra above have been scaled suitably.
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gold–sulfur bonds. Indeed we observed gold attachment
mainly to Lyz+ and Lyzn

+ (n = 2–4) (see MALDI mass spectra in
Figure 2, and related text).

As noted above, our discussion pertaining to the stabiliza-
tion mechanism of the observed bare clusters (with n = 25, 38,
and 102 gold atoms), focuses on the interaction of the clusters
with the thiol groups of the cysteine residues, which form as
a result of the dissociative binding of cystine units of lysozyme
to the forming clusters. In Figure 5 we display the calculated
projected density of states (PDOS) (see the Methods Section),
for an optimized (minimum energy) bare Au38 cluster (upper
panel) and for the optimized structure of Au38(cysteine)4 (lower
panel). While cystine is part of the lysozyme protein, we have
considered here for simplicity its dissociative adsorption to the
metal cluster as a free molecule. An optimal (minimum energy)
atomic configuration of the four cysteine residues adsorbed on
the Au38 cluster is shown in Figure 6. In Figure 5, as well as in
the following ones, a vertical dashed line at E�EF = 0 denotes
the location of the midpoint between the Kohn–Sham (KS)
eigen-energies of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied one (LUMO).

In the following, we make use of the early proposal[2 g]

where a “partial jellium” (PJ) model (used often in recent theo-
retical work on passivated metal clusters to explain “magic
number” stability)[11] was first introduced for the analysis of the

electronic structure of gold clus-
ters. In agreement with the PJ
model we find that while for
a wide range of energies (locat-
ed at the middle of the energy
spectrum) the electronic wave-
functions (KS orbitals) exhibit lo-
calized character (associated
with the atomic 5d electrons),
the orbitals of states with ener-
gies near the top or bottom of
the spectra are of delocalized
(super-atom, jellium-like) char-
acter, derived from the atomic
6s electrons (see representative
orbital images in Figures 5, 7
and 8). These delocalized states
can be assigned particular sym-
metries [determined with the
use of an expansion of the cal-
culated wavefunction in spheri-
cal harmonics (see the Methods
Section and Figure S5)] , follow-
ing the electronic cluster–shell
model (CSM), with a (superatom)
aufbau rule : 1S2 j1P6 j1D10 j2S2 j
1F14 j2P61G18 j2D103S21H22 j
2F1….where S, P, D, F, G, H, and
I, correspond, respectively, to
angular momenta, l = 0, 1, 2, 3,
4, 5, and 6. We note here cer-
tain possible alterations in level

ordering, for example, exchanging the locations of the 1D10

and 2S2 and of 3S2 and 1H22 levels, caused mainly by deviations
of the cluster shape from spherical symmetry. In the above
CSM scheme, the vertical lines denote shell-closures, with each

Figure 5. PDOS calculated for an optimized neutral bare Au38 cluster (upper panel), with an optimized deformed
truncated octahedral, d-TO, structure, shown as an inset, whose energy is lower by 1.07 eV than that of the ideal
TO isomer. Also shown is the PDOS for an optimized Au38(cyteine)4 cluster (bottom panel, with the optimized
structure shown in Figure 6). The four adsorbed cysteine residues resulted from dissociation of the disulfide
bonds in two adsorbed cystine molecules. Also shown for the cluster in the bottom panel are KS orbital images
of two of the 1F orbitals near the top of the occupied spectrum (the one with E�EF =�0.27 being the HOMO or-
bital), and of one of the unoccupied 1G orbitals. The weights of the angular momentum components of the dis-
played KS orbitals are given in S6. Dashed vertical line at E�EF = 0 denotes the location of the midpoint between
the HOMO and the LUMO levels. In the orbital isosurface images, positive and negative orbital values are colored
light blue and pink, and the orbital energies and symmetries (with the color key given on the right in the upper
PDOS panel) are marked. The stabilization (shell closure gap) in the PDOS shown in the bottom panel is 0.54 eV.

Figure 6. Three views of the structure of Au38 (cyteine)4 (gold atoms repre-
sented by orange spheres) with four adsorbed cysteine [HO2CCH(NH2)CH2S�]
residues, resulting from two dissociated cystine units. Sulfur atoms are repre-
sented by yellow spheres, oxygen atoms by red spheres, carbons by gray
spheres, nitrogen by larger light blue spheres, and hydrogen atoms by small
dark blue spheres. The S�S distances, between two neighboring adsorbed
cysteine residues, are d(S�S) = 4.50 � and 4.42 �, and the average S�Au
bond length is 2.36 �. For an undissociatively adsorbed cystine molecule
d(S�S) = 2.21 � and d(Au�S) = 2.545 � and 2.495 �.
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closure accompanied by the opening of a stabilizing energy
gap. Consequently, closed-shell clusters (that is, where the
HOMO state of the cluster closes a shell) possess enhanced sta-
bility, and are termed “magic number” (MN) clusters. Such
(spherical-like) clusters are comprised of n* = 2, 8, 18 (20), 34
(40), 58, 92, … delocalized electrons. In certain cases gaps may
also occur at the magic numbers given in parenthesis (depend-
ing on the degree of deviation of the cluster structure from
spherical symmetry, see for example, Figure 8 (B) below).

We observe that for the neutral bare Au38 cluster (Figure 5
upper panel), E�EF = 0 falls within a dense band of states, that
is, with no opening of a stabilization gap. We also note that
a gap of 0.48 eV (denoted by the number 34 at the top panel
of Figure 5) separates the peaks corresponding to the occu-
pied 1F orbitals (colored green) from the two peaks (occupied
by 4e) corresponding to 1G orbitals (colored brown, at the top
of the spectrum in Figure 5, upper panel). This 34-electron su-
peratom gap is the result of a 1S2 j1P6 j1D10 j2S2 j1F14 shell clo-
sure associated with the population of 17 delocalized orbitals
(corresponding to double occupancy by 34 electrons). By itself,
the Au38 cluster is not a “magic cluster”, having an excess of
four delocalized electrons (occupying the aforementioned two
1G states) and exhibiting merely a gap DHL = 0.21 eV between
the highest occupied (HOMO) and the lowest unoccupied
(LUMO) molecular orbitals. However, we conjecture that the in-
teraction of gold clusters with cystine units of the lysozyme
template (four cystines in a lysozyme molecule derived from
chicken egg white used in our experiment) may confer en-
hanced stability of the cluster by transforming it to a magic
one. This conjecture is strongly supported by the results
shown in Figure 5.

To assess the energetics of the above stabilization mecha-
nism involving interaction of the gold clusters with the protein,
we explored the binding of the Au38 cluster to the cystine mol-
ecules, (SCH2CH(NH2)CO2H)2. As before, for simplicity we con-
sider free cystine molecules, while as part of the lysozyme they
are bonded to the protein. A cystine molecule binds to the d-
TO 38 atom gold cluster with an energy of 0.58 eV. This ad-
sorption does not have a noticeable effect on the atomic ar-
rangement, electronic structure and stability of the cluster.
However, upon dissociation of the cystine molecule on the
cluster (a process that entails a very small energy barrier), the
two cysteine units (thiolate parts of the dimeric aminoacid, cys-
tine) adsorb strongly to the cluster with a binding energy of
1.97 eV per cystine. Thus, when dissociatively adsorbing two
cystine molecules (Figure 6) we get E[Au38(d-TO)] +

2 E[cystine)]�E[Au38 (cysteine)4] = 3.94 eV, where E[X] denotes
the total energy of the species X. The dissociative binding of
two cystine molecules to the Au38 cluster (see Figure 6) is
found to have a profound effect on the electronic structure of
the cluster, with the sulfur�gold bonds engaging the four 1G
electrons (corresponding to the two occupied peaks, colored
brown, near E�EF = 0 in the upper panel of Figure 5), and,
most importantly, opening a shell-closure stabilization gap
DHL = 0.48 eV (see lower panel, Figure 5). The KS orbital images
of two of the 1F delocalized orbitals near the top of the occu-
pied spectrum (the one with E�EF =�0.27 eV being the HOMO

orbital), and an image of the unoccupied 1G orbital (see
bottom of Figure 5) confirm the above 34-electron superatom
electronic shell structure. The above validates our conjecture
pertaining to the shell-closure stabilization caused by the inter-
action of certain gold clusters (particularly Aun with n close to
a magic number, n*) with the protein template.

The above first-principles calculations predict that the inter-
action of gold clusters with cystine residues of the lysozyme
molecule would result in cleavage of the S�S bonds. This in
turn may lead to change in the secondary structure of the pro-
tein. Such change is indeed seen in circular dichroism (CD)
studies of protein-protected luminescent gold clusters in solu-
tion as well as in the IR spectrum of the same material in the
solid state.[6i] Cleavage of S�S bonds has been found to lead to
changes in the protein secondary structure (see Figure S5). We
have shown that 28 % of the a-helix structure is lost due to
gold-cluster formation. Here we note that most of the cystine
residues are in the a-helix region. Therefore S�S bond break-
age directly affects the helical structure of the protein. Corre-
sponding changes are also seen in an infrared spectroscopic
study. Certain changes are observable also in the amide region
(Figure S5). The variations in the a-helix region are better ob-
servable in the second derivative of the spectra (Figure S5).
Such studies were performed as well on lactoferrin-protected
luminescent gold clusters.[6f]

Further evidence for the interaction of the gold clusters with
the sulfur-containing residues (cystines) in the lysozyme mole-
cule can be obtained from measurements of XPS spectra. The
Au–Cys interaction has a covalent component. Indeed, distinct
features are observed in XPS measurements of protein–gold
adducts, in the S (2p) and Au (4f) regions, supporting the cova-
lent attachment of Au to the cysteines. The measured S (2p)
signal is thiolate-like,[6g–i] supporting the disulfide bond cleav-
age. However, no corresponding change is seen in the N(1s)
region upon the addition of gold to the lysozyme, indicating
that formation of lysozyme–gold adducts does not involve
bonding of gold to the amide region in the protein.

In Figures 7 and 8 we display the calculated PDOS for Au102
+

(Figure 7) and for Au38
+ and Au25

+ (Figure 8). Such results
were obtained for several structural isomers (with optimal clus-
ter structures shown as an inset in Figures 7 and 8). We ob-
serve that as in the case of the neutral bare Au38 cluster
(Figure 5 upper panel) for all the clusters considered here,
E�EF = 0 falls within a dense band of states, that is, with no
opening of a stabilization gap. The key observation is that
while Aun

+ , with n = 102, 38 and 25, are not magic-number
clusters, the number of (delocalized) 6s electrons in each of
these clusters is rather close to a magic number, that is n* =

92, 34, and 20, respectively. Consequently, these clusters may
achieve magic-number stabilization even when the depletion
in the number of delocalized electrons in the cluster is relative-
ly small (through electronic interaction of the cluster with the
protein). Specifically, for the clusters considered by us here (i.e.
with n = 102, 38 and 25), such stabilization through depletion
of the number of delocalized electrons entails a rather small
number of electrons, that is n�n* = 10, 4, and 5 electrons, re-
spectively. As demonstrated by us above for the case of the
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Au38 cluster, such stabilization can occur in the lysozyme tem-
plate through interactions of the aggregated gold cluster with
cystine units of the protein, resulting in breaking of the disul-
fide bonds and strong binding of the cysteine residues to the
cluster (while maintaining their peptide bond linkage to the
protein). Once formed as stable magic-number clusters (anch-
ored to the protein), release of the clusters from the protein
template and ionization (in the gas phase) brings them to a cat-
ionic state Aun

+ , n = 102, 38, and 25. We remark here that the
cluster geometries that we describe here differ from those
found in the case of the aforementioned thiol-passivated gold
clusters,[3–5] since the latter clusters are protected by a large
number of strongly interacting adsorbed molecules, whereas
in the present case, during the formation process, the interac-
tion between the clusters and the growth environment is of
limited nature (only four disulfide groups in a Lyz molecule).

Moreover, ultimately, as ob-
served in the mass spectrum,
the gold clusters appear bare
(i.e. without the stabilizing li-
gands). We recall here that for
the smallest observed gold clus-
ter ions (around n = 18), some
sulfur addition, in the form of
Au18 + nS4 + m

+ clusters, have been
detected (see Figure 1), provid-
ing further evidence for the in-
teraction between the gold
clusters and the cystine units of
the lysozyme prior to release of
the clusters to the gas phase.
Why the smaller clusters (con-
taining a number of atoms cen-
tered on 18) are found to carry
some small number of residual
sulfur atoms, while the larger
clusters (Aun

+ , n = 25, 38, 102)
appear bare, remains a topic for
future research.

3. Conclusions

We reported here the results of
a joint experimental (MALDI
and electrospray ionization
mass spectrometry) and theo-
retical (large-scale first-princi-
ples DFT electronic structure cal-
culations) investigations pertain-
ing to the formation of a dis-
crete sequence of bare gold
clusters of well-defined nucleari-
ty, that is, Au25

+ , Au38
+ and

Au102
+ , in the gas phase, by

a novel process involving gold-
bound complexes of the protein
lysozyme.

It is proposed that during laser desorption ionization of
a protein–Au salt adduct, gold clusters form, with the protein
serving as a confining cluster growth environment, providing
an effective reservoir for dissipation of the aggregation and
stabilization energy of the clusters. Furthemore, the first-princi-
ples calculations suggest that electronic interaction between
the aggregating metal clusters and the lysozyme molecule (via
the sulfur-containing cystine residues) stabilizes specific cluster
sizes, at, or in the neighborhood of, electronic magic numbers.
Clusters with these magic number sizes form a discrete size se-
quence with enhanced stability. Specifically, we demonstrate,
with the use of results obtained from extensive first-principles
calculations, that two cystine units dissociate upon interaction
with Au38 (see Figure 6). The resulting four cysteine residues
engage some of the delocalized electrons of the gold cluster
(originating from the 6s1 electrons of the gold atoms), thus

Figure 7. PDOS and KS orbital images calculated for an optimized Marks-decahedral (m-Dh) structure (left inset in
bottom panel of the PDOS, with the gold atoms in the m-Dh “grooves” colored brown) of a Au102

+ cluster; the
ideal m-Dh structure is comprised of 101 atoms, the extra atom in the Au102

+ cluster is positioned in the groove
(see the extra atom, colored in darker brown, at the bottom left of the cluster structure shown in the inset). In
the orbital isosurface images, positive and negative orbital values are colored light blue and pink, and the orbital
energies and symmetries (with the color key given on the right in the upper PDOS panel) are marked. All orbitals
shown are of delocalized character except the one at �3.62 eV (left in the upper panel) which corresponds to a lo-
calized orbital with atomic d character. The weights of the angular momentum components of the displayed KS
orbitals are given in Figure S5. The number of electrons in delocalized orbitals (2, 8, 20, 58, and 92) corresponding
to closed shells are marked in the shell-closure gaps. Note in particular the shell closure at n* = 92 obtained by de-
pletion (10 electrons) of the number of delocalized electrons resulting from the interaction of the cluster with the
protein environment and subsequent single ionization. The cluster is characterized by a spin projection sz = 1=2.
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transforming it to a 34-electron closed-shell superatom struc-
ture, characterized by a relatively large (HOMO–LUMO) stabili-
zation gap of close to 0.5 eV (see Figure 5). The same mecha-
nism is operative for the other gold cluster sizes found in the
experiments.

Our theoretical discussion
presents a novel stabilization
mechanism operative in the
protein environment that ex-
plains the emergence of the
particular size sequence of clus-
ters observed in our experi-
ments. The mechanism that we
propose differs from the one
known to apply for the case of
protected gold clusters in solu-
tion, involving a large number
of protective thiolates (SR) cov-
ering the surface of the core
gold cluster, for example
Au25(SR)18, Au38(SR)24 and
Au102(SR)44. In contrast to the
latter ones, in our present case
only a few cystines (between
two and five) are required to
bind to the gold cluster to ach-
ieve magic number stability—
this is consistent with the limit-
ed number of cystines in a lyso-
zyme molecule (four cystines
per lysozyme). While our studies
explain the products formed,
the dynamics of cluster forma-
tion remains a subject for future
experimental and theoretical ex-
plorations.

In light of the continuing
surge in research activity per-
taining to the size-specific prop-
erties of gold (as well as other
noble metal) clusters in nano-
technology, nanocatalysis, biol-
ogy and nanomedicine (see, e.g.
refs. [1, 6, 12]), we expect our
findings to add to the knowl-
edge base that is imperative for
future development, design,
and implementation of nano-
scale instruments and devices.
In particular, recent assessment
of research directed at using
noble metal (particularly gold)
nanoparticles to probe biomole-
cules and biological processes,
as well as for diagnostics and/or
regulation and modification of
cellular functions, has pointed

to a need for detailed knowledge concerning the nature and
consequences of interaction between metal nanoparticles and
biomolecules, proteins in particular.[13]

Figure 8. PDOS and KS orbital images calculated for: A) an optimized truncated octahedral (TO) structure (left
image in the upper row) of a Au38

+ cluster, and B) an optimized tetrahedral-like structure (atomic structure
images of the cluster, viewed from the front and back sides, are given on the left in the bottom panel of the
PDOS) of a Au25

+ cluster. In (A) all orbitals shown have delocalized character except that at �3.86 eV which corre-
sponds to a localized one with atomic d character. Note the shell closure at n* = 34, obtained by partial depletion
(four electrons) of the number of delocalized electrons, and subsequent single-electron ionization. The cluster is
characterized by a spin projection sz = 3/2. In (B) we limit ourselves to the top part of the electronic spectrum,
and display only two delocalized orbitals, one of 1D character (at �0.99 eV, corresponding to shell closure and
opening of the 20-electrons shell-closure gap) and the other of 1F character (at �0.07 eV corresponding to the
HOMO�1 energy level near E�EF = 0). Orbitals in the energy range �6.0 eV<E-EF<�1.5 eV are of localized
atomic d character. The delocalized electrons near �6.19 eV occupy a 1P orbital, and those with energy about
�6.95 eV occupy a 1S orbital (not shown). The shell closure at n* = 20, is obtained by a five-electron depletion of
the number of delocalized electrons by interaction with the protein, and subsequent single-electron ionization.
The cluster is characterized by a spin projection sz = 1. The weights of the angular momentum components of the
displayed KS orbitals are given in S6. For other details see caption of Figure 7.
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Experimental and Theoretical Methods

Materials

Tetrachloroauric acid trihydrate (HAuCl4·3 H2O) was prepared in our
laboratory starting from pure gold. Lysozyme, extracted from chick-
en egg white and which had >90 % purity, was purchased from
Sigma Aldrich. Sinapic acid was also purchased from Sigma Aldrich.
All the chemicals were used without further purification. Deionized
water was used throughout the experiment.

Synthesis of the Lyz–Au Adduct

Lyz–Au adduct was prepared by the same method as described by
Chaudhari et al.[6g] Briefly different concentrations of HAuCl4·3 H2O
(1 mm-10 mm) were prepared. To 1 mL 1.5 mm of Lyz, 1 mL of
HAuCl4·3 H2O solutions of different concentrations were added and
the resultant mixtures were stirred with a magnetic stirrer for
5 min and incubated further for 2 h. The samples were taken out
and spotted for MALDI-MS analysis. These were also analyzed by
ESI-MS.

Spectrometric Analysis and Instrumentation

MALDI-MS Analysis: Sinapic acid was used as the matrix for MALDI-
MS analysis. The matrix solution was prepared using 1:3 acetoni-
trile:0.1 % trifluoroacetic acid in deionized (DI) water. Each time
while sampling, 5 mL of the sample was mixed with 100 mL of fresh-
ly prepared matrix and sonicated gently for 10 s and then 2.5 mL of
the mixture was spotted to yield a dried droplet. An Applied Bio-
systems Voyager DE Pro MALDI MS instrument was used for the
measurements. A pulsed nitrogen laser of 337 nm was used for
ionizing the sample. Spectra were collected in the linear positive
mode and an average of 250 shots were taken for each spectrum.
Measurements were also done in the negative mode, where indi-
cated. In time-of-flight mass spectrometry it is assumed that ions
are generated instantaneously upon laser irradiation. The time
width for N2 laser pulse is of the order of a few nanoseconds.
When the laser intensity is high enough to exceed the ion genera-
tion threshold, ions may continue to be generated even after the
completion of laser irradiation. To avoid ion loss, and also to im-
prove resolution, a long delay time of few hundred nanoseconds is
typically applied between ion generation and ion extraction. In our
study we have used a delay time of 1200 ns to allow the desorbed
species to interact in the gas phase.
ESI-MS Analysis : 10 mL of the sample was taken and diluted to
2 mL with DI water. To it 10 mL of trifluoroacetic acid (TFA) (0.1 % in
DI) was added as ionization enhancer for spectral collection in the
positive ion mode. A Thermo Scientific LTQ XL ESI MS instrument
was used for this study. Ion spray voltage was kept 4.5 kV and the
capillary temperature was set at 250 8C.
Computational Methods
The theoretical results described in this paper have been obtained
from calculations using spin density functional theory (SDFT)[14] in
conjunction with non-local norm-conserving scalar-relativistic soft
pseudopotentials[15] with the valence 5d10 and 6s1 electronic states
of the gold atoms (as well as the valence electrons of the atoms of
the interacting cysteine molecules: sulfur, oxygen, nitrogen and hy-
drogen) expanded in a plane-wave basis with a 62 Ry kinetic
energy cutoff, and employing the Perdew–Burke–Ernzerhof (PBE)
functional in the generalized-gradient approximation (GGA) to the
exchange–correlation corrections.[16]

The theoretical explorations of the atomic arrangements and elec-
tronic structures of the gold clusters and their interactions with

the cystine units of the protein employed the SDFT, using the
Born–Oppenheimer (BO) molecular dynamics (MD) method, BO–
SDF–MD.[14] This method is particularly suitable for investigations
of charged systems since it does not employ a supercell (i.e. no pe-
riodic replication of the ionic system is used). Structural optimiza-
tions were performed using a conjugate-gradient-like method. For
the clusters shown in Figures 7 and 8, we find the following spin
projection (sz) values: Au102

+ : sz = 1/2; Au38
+ : sz = 3/2; Au25

+ : sz = 1.
The “partial jellium” picture was first introduced in ref. [2g] and
used in the analysis of the electronic structures of bare gold
anions. In that paper the expansion in spherical harmonics (see
below) was done for each gold atom of the cluster taken as
a center. Here we choose to perform the analysis with respect to
the center of mass of the cluster.
The projected density of states, wi,l(R0) were calculated[2g] from the
KS orbitals yi(r+Rcm) corresponding to the KS energy eigenvalue ei,
where Rcm is the center of mass of the cluster (taken from here on
as the origin, Rcm = 0), using Equation (4):

wi,lðR0Þ ¼
Xl

m¼�l

ZR0

0

r2drj�i,lm ðrÞj2 ð4aÞ

�i,lmðrÞ ¼
Z

dWY lm Wð ÞyiðrÞ ð4bÞ

Here, Ylm is the spherical harmonic function with angular momen-
tum number l and magnetic quantum number m, and angular mo-
menta up to l = 6 (I symmetry) are considered. The integration is
taken in a sphere of radius R0, chosen as follows for the three clus-
ter sizes: Au102

+ : R0 = 11.6 �; Au38
+ : R0 = 9.3 �; Au25

+ : R0 = 8.9 �. In
plotting the PDOS each wi,l is broadened by a Gaussian of width
0.07 eV.
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Figure S1. Comparative plot of the theoretical and experimental m/z values of a) Au18S4+m
+, b) 

Au38
+ and c) Au102

+. 
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Figure S2. Laser intensity dependence study in MALDI MS with increasing laser intensity in 

linear positive mode. There is no change in the peak positions with enhanced laser intensity. The 

spectra were collected for the 1.5 mM Lyz and 5 mM HAuCl4.3H2O system in linear positive 

mode and the laser intensity was varied from 1500 to 1800 (instrumental unit) with an increase 

of 100 in intensity at each step, plotted in black, red, green and blue, respectively. 
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Figure S3. A comparative study of the efficiency of BSA, Lf and Lyz templates for gas phase 

cluster formation. Spectra show that Lyz is efficient to act as a template for such synthesis.  
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Figure S4. Time dependent MALDI MS study of the as prepared precursor. There is a 

significant change in the Au38 region. At starting, the peaks were appearing along with (Lyz-

Aun)
2+ but upon longer time, only cluster related peaks get enhanced.  
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Figure S5: a) CD spectra of Lyz and as prepared Au10@Lyz showing a clear change in ellipticity 

of the spectra, which indicates a huge change in the alpha helical structure. (b) Double derivative 

of the infrared (IR) spectra shows the disappearance of the peak at 1654 cm-1 in the case of 

AuQC@Lyz. c) Infrared (IR) spectra of Lyz and AuQC@Lyz showing significant change in the 

amide region (from the published work of the authors, ref. 6i).  
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In this section we give the weights of the angular momentum components (S, P, S, ….,,I) for the 

wave functions whose iso-surface images are shown in Figures 5, 7 and 8.  In each case, we give 

the energy (E-EF) of the state and the weights.  

Table of weights for Figure 5: Au38 (cysteine)4  

E-EF (eV) S P D F G H I 

0.48 0.000 0.015 0.018 0.010 0.577 0.008 0.022 

-0.27 0.001 0.144 0.011 0.213 0.058 0.020 0.017 

-0.99 0.004 0.004 0.019 0.344 0.027 0.020 0.023 

 

Tables of weights for figures 7 and 8 in the manuscript, corresponding to Au102+, Au38
+, 

and Au25
+ 

 

Au102
+ (Figure 7) 

 

E-EF (eV) S P D F G H I 

-8.65 0.949 0.008 0.013 0.001 0.003 0.006 0.003 

-8.03 0.000 0.946 0.001 0.012 0.001 0.003 0.002 

-7.11 0.001 0.006 0.843 0.031 0.014 0.004 0.007 

-7.02 0.820 0.004 0.039 0.004 0.017 0.014 0.007 

-6.65 0.000 0.054 0.002 0.601 0.004 0.090 0.033 

-6.43 0.016 0.444 0.028 0.084 0.073 0.035 0.040 

-1.74 0.000 0.001 0.003 0.017 0.151 0.014 0.019 

-1.13 0.041 0.002 0.262 0.007 0.027 0.073 0.070 



-1.07 0.000 0.000 0.030 0.012 0.015 0.403 0.014 

-0.71 0.210 0.006 0.126 0.011 0.030 0.114 0.088 

-0.08 0.001 0.021 0.002 0.399 0.004 0.028 0.133 

 

 Au38
+ (Figure 8) 

E-EF (eV) S P D F G H I 

-0.31 0.002 0.014 0.084 0.014 0.387 0.007 0.041 

-0.79 0.006 0.002 0.010 0.539 0.021 0.026 0.027 

-2.84 0.004 0.010 0.021 0.017 0.047 0.066 0.043 

-5.95 0.002 0.060 0.541 0.044 0.052 0.027 0.021 

-6.31 0.479 0.019 0.061 0.143 0.051 0.013 0.033 

-6.72 0.000 0.762 0.096 0.022 0.009 0.015 0.006 

-7.59 0.864 0.020 0.011 0.050 0.015 0.003 0.006 

 

 Au25
+ (Figure 8) 

E-EF (eV) S P D F G H I 

-0.07 0.000 0.009 0.031 0.436 0.073 0.020 0.031 

-0.99 0.000 0.065 0.279 0.031 0.012 0.061 0.031 
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Abstract A copper cluster protected with 2-phenyl-

ethanethiol (PET) exhibiting distinct optical features

in UV/Vis spectroscopy is reported. Matrix-assisted

laser desorption ionisation mass spectrometry of the

cluster shows a well-defined molecular ion peak at

m/z 5,800, assigned to *Cu38(PET)25. Fragmented

ions from the cluster show the expected isotope

patterns in electrospray ionisation mass spectrometry.

The as-synthesized cluster was well-characterised

using other tools as well. Clusters undergo decompo-

sition in about 2 h after synthesis as a metallic few-

atom core of copper is highly unstable. The products

of decomposition were also characterised.

Keywords Atomically precise � Cu cluster �
2-Phenylethanethiol � MALDI MS � ESI MS

Introduction

Noble metal quantum clusters (Lu and Chen 2012; Yuan

et al. 2011) belong to an area of intense activity in the

recent past. They are remarkable because of their unique

absorption (Chaki et al. 2008; Zhu et al. 2008; Habeeb

and Pradeep 2011; Mathew et al. 2011) and emission

(Xavier et al. 2012; Rao and Pradeep 2010) features as

well as due to novel applications (Retnakumari et al.

2010; Muhammed et al. 2009; Goswami et al. 2011;

Mathew et al. 2012; Haruta 2005; Xie et al. 2012). Au25

(Chaki et al. 2008; Zhu et al. 2008; Shichibu et al. 2005;

Shibu et al. 2008), Au38 (Pei et al. 2008) and Au102

(Jadzinsky et al. 2007) clusters have been investigated in

detail due to their enhanced stability. Several silver

clusters, e.g., Ag7 (Rao and Pradeep 2010; Udayabhas-

kararao et al. 2012), Ag8 (Rao and Pradeep 2010), Ag9

(Rao et al. 2010), Ag32 (Guo et al. 2012), Ag75

(Chakraborty et al. 2012b) and Ag152 (Chakraborty

et al. 2012a), have also been reported recently. How-

ever, efforts on the preparation of monolayer-protected

Cu clusters are limited (Vilar-Vidal et al. 2010;

Salorinne et al. 2012; Jia et al. 2012; Saumya and Rao

2012; Wei et al. 2011) while there are several reports on

copper nanoparticles (Bakshi et al. 2007; Nishida et al.

2011; Prucek et al. 2009; Wei et al. 2010). In terms of

applications, copper is more appealing for its availabil-

ity, lower cost, catalytic activity and electrical conduc-

tivity. In this communication, we report a facile one-pot

synthesis of a new 2-phenylethanethiol (PET)-protected

copper cluster. It has been characterised using UV/Vis

absorption spectroscopy, mass spectrometry, high-res-

olution transmission electron microscopy (HRTEM),

X-ray photoelectron spectroscopy and photolumines-

cence spectroscopy.
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Experimental section

Materials

All the chemicals were commercially available and

used without further purification. The used chemicals

and solvents are: copper sulphate pentahydrate (CuSO4�
5H2O), cupric acetate, cupric chloride, 2-phenyletha-

nethiol, sodium borohydride (NaBH4), ethanol, aceto-

nirtile, tetrahydrofuran (THF) and toluene.

Synthesis of *Cu38(PET)25

A solid-state route (Rao et al. 2010) was followed for

the synthesis of copper clusters protected with PET.

Initially, 47 mg of copper sulphate pentahydrate and

150 lL of PET were taken in an agate mortar and

ground well for 10 min, then 80 mg of NaBH4 was

added and further ground for two more minutes

followed by extraction of clusters in ethanol. All

the operations were done in laboratory atmosphere

(30–35 �C, 80 % relative humidity). The crucial aspect

of this procedure is the limited supply of water needed

for the reduction, which becomes available from the

laboratory atmosphere as well as from the ethanol used

for subsequent washing. A solution of the as-synthe-

sized clusters in ethanol was light pink in colour

(Fig. 1b). Sequential photographs of the synthesis are

given in Supplementary Fig. S1. Blue colour of the

copper salt changed to yellow after grinding with PET

because of the formation of Cu–thiolates. Reduction of

copper thiolate with NaBH4 led to a black paste, which

changed to pink when extracted in ethanol.

Characterisation of *Cu38(PET)25

Perkin Elmer Lambda 25 instrument was used for

measuring UV/Vis spectra in the range of 200–1,100

nm. X-ray photoelectron spectroscopy (XPS) mea-

surements were carried out using an Omicron ESCA

Probe spectrometer with polychromatic MgKa X-rays

(ht = 1,253.6 eV). The samples were spotted as drop-

cast films on a sample stub. Constant analyzer energy

of 20 eV was used for the measurements. The samples

were prepared as fast as possible and were inserted into

high vacuum within 5 min of synthesis to avoid aerial

oxidation. Luminescence measurements were mea-

sured with a Jobin Vyon NanoLog instrument. The

band passes for excitation and emission were set as

2 nm. Matrix-assisted desorption ionisation mass

spectrometry (MALDI MS) analysis were conducted

using a Voyager-DE PRO Bio-spectrometry Worksta-

tion from Applied Bio-systems. A pulsed nitrogen laser

of 337 nm was used for the MALDI MS analysis. Mass

spectra were collected in negative ion mode and were

averaged for 100 shots. Mass studies were conducted

using an electrospray mass spectrometry (ESI MS)

system, LTQ XL (Thermo scientific). Sample was

taken in ethanol which was electrosprayed for analysis.

High-resolution transmission electron microscopy of

clusters was carried out with a JEOL 3010 instrument.

The samples were drop casted on carbon-coated copper

grids and allowed to dry in vacuum desiccators.

Scanning electron microscopic (SEM) and energy-

dispersive X-ray (EDAX) analyses were done in a

FEI QUANTA-200 SEM. For measurements, samples

were drop casted on an indium tin oxide-coated con-

ducting glass and dried in vacuum. Powder XRD

analysis of the decomposed sample was carried out

using PANalytical X’pertPro diffractometer. X-ray

diffractogram was collected in the 2h range of 5–100�.

Results and discussion

The clusters show distinct step-like features at 500,

600 and 750 nm in the UV/Vis spectrum (Fig. 1a).

Fig. 1 UV/Vis absorption spectrum of the as-synthesized

Cu@PET cluster (a) which shows three features at 500, 600

and 750 nm indicated by arrows. Insets (b) Photograph of the

cluster solution showing light pink colour. (c) Luminescence

excitation and emission spectra of Cu@PET cluster which emits

at 615 nm upon excitation at 403 nm. (d) A cartoon represen-

tation of the cluster. (Color figure online)
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Interestingly, the clusters emit at room temperature.

They show an excitation maximum at 403 nm and an

emission maximum at 615 nm (Fig. 1c). From the

view point of stability, clusters are short lived: after

about 40 min of preparation, they show signs of

decomposition which was monitored by optical absorp-

tion spectroscopy. The data showed (Supplementary

Fig. S2) gradual merging of two humps (at 500 and

600 nm) into one. All the humps disappeared com-

pletely after 2 h, indicating the decomposition of the

clusters.

Mass spectrometry is an ideal and most useful

tool to find the composition of the clusters (Rao

and Pradeep 2010; Dass 2009). Matrix-assisted laser

desorption ionisation mass spectrometry (MALDI

MS) and electrospray ionisation mass spectrometry

(ESI MS) studies were conducted on the clusters. It is

known that trans-2-[3-(4-tert-butylphenyl)-2-methyl-

2-propenylidene]malononitrile (DCTB) gives well-

defined mass spectrum for PET-protected clusters

(Knoppe et al. 2010). We too used DCTB as the

matrix. MALDI MS showed a single peak at m/z 5,800

at lowest laser intensity, assigned to *Cu38(PET)25

(Fig. 2a). No other peak was seen in the mass

spectrum indicating the existence of only one type of

cluster. The peak showed systematic shift to lower

mass numbers upon increasing the laser intensity. This

is characteristic of such clusters (Chakraborty et al.

2012b) which show fragmentation upon increasing

laser intensity as the metal core–ligand interaction is

weak.

ESI MS was performed in the negative ion mode

for understanding the composition and the fragmenta-

tion pattern (Fig. 2b) of the as-synthesized clusters

(Fig. 2c). As in several instances reported in the

literature, we could not observe the molecular ion

feature in ESI MS. However, we observed peaks

corresponding to some of the fragmented ions (Rao and

Pradeep 2010) in the case of silver clusters. The isotope

patterns matched exactly with the calculated patterns.

For instance, the peaks of [Cu4(PET)5]-, having an

intensity maximum at m/z 941 and [Cu5(PET)6]-,

having an intensity maximum at m/z 1,141 (Fig. 2a, b)

matched with their calculated patterns. Other identified

fragments are [Cu34(PET)23]2-, [Cu30(PET)22]2-,

[Cu29(PET)21]
2-, [Cu28(PET)18]

2- and [Cu28(PET)17]
2-

with corresponding m/z values of 2,655, 2,459, 2,359,

2,124 and 2,056, noted with arrows in Fig. 2c (from right

to left). The presence of specific fragments support the

existence of a PET-protected cluster in solution.

Because of its low standard reduction potential

(0.34 V), copper is prone to aerial oxidation. There-

fore, XPS was used to study the oxidation state of

copper in the cluster. In view of the aerial oxidation of

the cluster, the sample was immediately inserted into

the vacuum chamber and analyzed as fast as possible.

A

B

Fig. 2 (A) Linear negative

ion MALDI mass spectrum

of the Cu cluster. A

molecular ion peak at m/z of

5,800 is clearly observed.

The spectrum is shown from

the minimum mass region

measurable. (B) ESI MS

data of Cu@PET cluster in

the negative mode. Insets
(a) and (b): Comparison of

the observed isotope

patterns (red) with the

calculated patterns (black)

of (a) [Cu4(PET)5]-,

m/z = 941, and

(b) [Cu5(PET)6]-,

m/z = 1,141. (c) A y-axis

expanded view of a selected

region between m/z 2,000

and 3,000. Identified

fragments are labelled with

red arrows. (Color figure

online)
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No decomposition was seen within the time of sample

transfer. The spectrum in the Cu 2p region shows two

peaks: at 931.6 and 951.5 eV (Fig. 3), which have

been assigned to 2p3/2 and 2p1/2 features of Cu (0).

Binding energy (BE) of 2p3/2 in Cu? of Cu2O is

932.1 eV (Ai et al. 2009; Ghodselahi et al. 2008). So,

Cu? is unlikely to be present in the cluster. The most

important observation is the absence of the satellite

peaks. It is known that any species having d9 (Cu2?)

configuration, such as CuO, would show satellite

peaks which arise because of the configuration inter-

action of the 2p53d9L (L = ligand, RS in the present

case) final state (Ghijsen et al. 1988). Hence, the

presence of Cu2? is ruled out as well. The BE values

are within the range of Cu(0) and Cu(I). Oxidation is

very much facile in this size scale and this is likely to

be the reason for the observed in-between values. This

is the situation seen in Au and Ag clusters as well

(Bootharaju and Pradeep 2011). XPS features of all

other expected elements have been assigned in the

survey spectrum and their expanded versions fitted

exactly with that of the expected elements (Supple-

mentary Fig. S3). The S 2p region shows a 2p3/2

feature at 162.9 eV, characteristic of thiolate. The C

1s binding energy seen is at 285.0 eV, characteristic of

the ligand chain.

Various control experiments were carried out to

optimize the conditions for synthesizing the cluster.

First, molar ratio of PET with copper sulphate was

varied (Supplementary Fig. S4). Five different molar

ratios of copper sulphate to PET (1:1, 1:3, 1:5, 1:7 and

1:9) were tried. Among these, only the mixture with

1:5 ratio produced a light pink-coloured solution that

showed distinct features in the optical absorption

spectrum (Fig. 1a), while others did not have any

characteristic features. Second, molar ratio of NaBH4

was varied with respect to copper sulphate for the 1:5

sample. Five different molar ratios of copper sulphate

and NaBH4 (1:3, 1:7, 1:10, 1:13 and 1:15) were

considered. Among these, the preparation with 1:10

ratio had distinct optical absorption features similar to

that shown in Fig. 1a, while others had no character-

istic optical absorption (Supplementary Fig. S5).

Third, three different salts namely, cupric sulphate,

cupric chloride and cupric acetate were used to find

whether anion is playing any role for cluster forma-

tion/extraction. All of them produced samples of light

pink colour; among which, the solution prepared from

copper sulphate was most intense. In addition, sample

from copper acetate showed the characteristic optical

absorption features of Cu38(PET)25 which were signif-

icantly weaker than the same from cupric sulphate

(Supplementary Fig. S6). Sample from cupric chloride

did not show the desired optical absorption features.

MALDI MS analyses were done for Cu@PET prepared

from other two salts as well. The molecular ion peak

at m/z 5,800 was observed for the sample prepared

from cupric acetate indicating the presence of *Cu38

(PET)25 in it (Supplementary Fig. S7). Fourth, different

solvents (ethanol, acetonitrile, THF and toluene) were

tried as extraction media. Among these, ethanol and

acetonitrile were effective as solvents. The acetonitrile

extract, however, showed weak absorption. Instead of

showing three distinct features, it showed a single hump

around 500 nm. On the other hand, THF and toluene

were not able to extract the cluster as inferred by the

absence of pink colour and characteristic absorption

features (Supplementary Fig. S8).

Cluster formation was confirmed from the HRTEM

images where the clusters appeared as tiny dots

(Supplementary Fig. S9). The average diameter of the

cluster is 1.4 nm, comparable to that of Au38 (Stellwagen

et al. 2012). Upon longer electron beam irradiation,

the dots grow gradually to form an aggregate, quite

similar to that observed in the case of silver clusters

Fig. 3 XPS survey spectrum of Cu@PET cluster (red). It

identifies the presence of copper, sulphur, carbon, sodium (a

trace of Na, probably derived from NaBH4) and oxygen. Inset
Expanded XPS spectrum in the Cu 2p region of Cu@PET cluster

(blue). Sharp peaks with narrow width are observed. The

binding energy suggests the oxidation state of Cu to be close to

zero and that of S 2p region is characteristic of thiolates. (Color

figure online)
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(Rao and Pradeep 2010; Dhanalakshmi et al. 2012).

From TEM/EDAX analysis, the Cu:S ratio was found to

be 1:0.67, consistent with the proposed composition

(1:0.65).

Scanning electron microscopy (SEM) is used to

find out the presence of the expected elements in the

cluster. It showed the desired elements (Supplemen-

tary Fig. S10). The Cu:S ratio was slightly different

from the expected value, possibly due to excess thiol

in that preparation. Excess thiol is found in the crystals

of clusters.

The decomposed material (2 h after the synthesis)

was converted to a powder by evaporating the solvent

using a rotary evaporator and analyzed by powder X-ray

diffraction (PXRD) which showed the presence of

copper thiolates along with Cu2S (Fig. 4) (JCPDS File

No-72-1071). The PXRD pattern of longer chain

thiolates consist of differently structured and stacked

layers of Cu and S atoms (Sandhyarani and Pradeep

2001), oriented in three dimension which produce

multiple series of peaks as shown in Fig. 4. Intense

periodic diffraction patterns with large d spacing pro-

vided evidence for the presence of those layers. Inter-

layer spacing, d was almost equal to twice the length of

alkyl chains because each CuS layer is separated by

two alkyl chains. Those periodic reflections have been

indexed as (0ki0) (Espinet et al. 1999; Parikh et al. 1999).

Cu2S reflections match with the standard.

Conclusion

In summary, we have prepared a PET-protected

copper cluster for the first time. From the MALDI

MS data, a molecular ion peak at m/z 5,800 has been

identified and it is assigned to *Cu38(PET)25. How-

ever, the cluster decomposes in about 2 h at room

temperature forming a mixture of copper thiolates and

cuprous sulphide as characterised by PXRD. It is

important to improve the atmospheric stability to find

new applications for these systems.
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Fig. S1. Top view of different stages during synthesis of the copper cluster. I) CuSO4.5H2O in 

the mortar. II) Immediately after the addition of 2-Phenylethanethiol to copper sulphate. III) Cu-

thiolate formed after grinding the copper sulphate - PET mixture for ten minutes. IV) Black paste 

formed after grinding copper thiolate with NaBH4 for about 3 minutes. 
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Fig. S2. Time dependent UV/Vis spectra of as-synthesized Cu@PET cluster. Initially, three 

features at 500, 600 and 750 nm are seen. By about 40 minutes, the humps at 600 and 750 nm 

have nearly disappeared. Also, from the beginning, the intensity of the hump at 500 nm keeps 

decreasing, finally merging with the baseline in about 120 minutes. 
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Fig. S3. A, B, and C are the expanded regions in the XPS for C 1s, S 2p, and O 1s, respectively. 

All the spectral features are fitted to the chemical species expected.  
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Fig. S4. UV/Vis absorption spectra for preparations with different copper sulphate to PET ratios. 

Among the five, only the 1:5 sample produced the cluster with features at 500, 600, and 750 nm. 

Inset shows the photographs after extraction in ethanol. 
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Fig. S5. UV/Vis absorption spectra for the preparations with different copper sulphate to NaBH4 

ratios. Among the five, only that with a ratio of 1:10 produced the cluster, Cu38(PET)25 with 

features mentioned earlier. Inset shows photographs of the preparations after extraction in 

ethanol. 
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Fig. S6. UV/Vis absorption spectra for preparations with different salt precursors. Sample 

prepared from copper acetate shows features of Cu38(PET)25 though it is weak with respect to 

the preparation from copper sulphate. On the other hand, sample from CuCl2 does not have the 

desired features of Cu38(PET)25. However, all ethanolic extracts are pink in color (Inset). 
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Fig. S7. MALDI mass spectrum of Cu@PET clusters, prepared from copper acetate as the 

precursor. This shows a molecular ion peak in the negative mode at m/z 5800.  
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Fig. S8. UV/Vis absorption spectra for different solvents as the extraction media. Ethanol extract 

showed distinct features of Cu38(PET)25 while acetonitrile extract had a single hump at 500 nm. 

On the other hand, toluene and THF were not able to extract the cluster. 
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Fig. S9. HRTEM images of (A) as-synthesized Cu38(PET)25

 

 cluster which appears as quantum 

dots, (B) after continued irradiation with electron beam, showing aggregates. (C) EDAX 

spectrum of the sample showing the elements: Cu, S, C, O, Na. Estimated Cu to S ratio from the 

spectrum is 1:0.67, consistent with theoretical ratio (1:0.65). 
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Fig. S10. EDAX spectrum of Cu38(PET)25 and Insets show the elemental mapping of a selected 

region. (A) SEM with (B) copper, (C) sulphur, (D) oxygen, (E) sodium and (F) carbon. 
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Unprecedented inhibition of tubulin polymerization
directed by gold nanoparticles inducing cell cycle arrest
and apoptosis†

Diptiman Choudhury,‡§a Paulrajpillai Lourdu Xavier,§c Kamalesh Chaudhari,d

Robin John,c Anjan Kumar Dasgupta,b Thalappil Pradeep*c and Gopal Chakrabarti*a

The effect of gold nanoparticles (AuNPs) on the polymerization of tubulin has not been examined till now.

We report that interaction of weakly protected AuNPs with microtubules (MTs) could cause inhibition of

polymerization and aggregation in the cell free system. We estimate that single citrate capped AuNPs

could cause aggregation of �105 tubulin heterodimers. Investigation of the nature of inhibition of

polymerization and aggregation by Raman and Fourier transform-infrared (FTIR) spectroscopies

indicated partial conformational changes of tubulin and microtubules, thus revealing that AuNP-

induced conformational change is the driving force behind the observed phenomenon. Cell culture

experiments were carried out to check whether this can happen inside a cell. Dark field microscopy

(DFM) combined with hyperspectral imaging (HSI) along with flow cytometric (FC) and confocal laser

scanning microscopic (CLSM) analyses suggested that AuNPs entered the cell, caused aggregation of the

MTs of A549 cells, leading to cell cycle arrest at the G0/G1 phase and concomitant apoptosis. Further,

Western blot analysis indicated the upregulation of mitochondrial apoptosis proteins such as Bax and

p53, down regulation of Bcl-2 and cleavage of poly(ADP-ribose) polymerase (PARP) confirming

mitochondrial apoptosis. Western blot run after cold-depolymerization revealed an increase in the

aggregated insoluble intracellular tubulin while the control and actin did not aggregate, suggesting

microtubule damage induced cell cycle arrest and apoptosis. The observed polymerization inhibition

and cytotoxic effects were dependent on the size and concentration of the AuNPs used and also on the

incubation time. As microtubules are important cellular structures and target for anti-cancer drugs, this

first observation of nanoparticles-induced protein's conformational change-based aggregation of the

tubulin–MT system is of high importance, and would be useful in the understanding of cancer

therapeutics and safety of nanomaterials.
1 Introduction

Inadequate understanding of how nanoparticles (NPs) interact
with live cellular structures and concomitant effects of such
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Chemistry 2013
interactions has been one of the major impediments in real-
izing the promises of nanotechnology to revolutionize biology
and medicine.1–18 Because of the high surface area, inherent
energy, chemical potential and different surface chemistry of
particles as well as protecting ligands, NPs tend to interact with
surrounding species to reduce their energy. Oen these inter-
actions lead to distinct changes in the interacting system. If
proteins happen to be the surrounding species, interaction with
NPs leads to altered conformation, aggregation and loss of
functionality in a few cases.1,3–5 Nevertheless, NPs are also
affected by certain consequences due to the interaction of
proteins on their surface, such as aggregation, etching and
dissolution which would inuence their stability and func-
tionality.1 Various studies focusing on nano–bio interactions
have shown that NPs induce undesirable protein conforma-
tional changes, including increasing the rate of protein bril-
lation in the case of amyloid brils and loss of protein
function.5–9 Here, one may note that protein misfolding has
been the leading reason in certain neuronal diseases such as
Nanoscale
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Alzheimer's, Parkinson's and bovine spongiform encephalop-
athy (BSE), a prionic disease.7,8 Formation of sub-nanometer
sized particles in protein templates also leads to conforma-
tional change.10 Halas et al. have shown that weakly protected
AuNPs caused protein based aggregation of lysozyme at physi-
ological pH.9 Like NP–protein interaction, knowing how NPs
interact with live cells and cellular organelles has been of
paramount importance and is indeed a natural extension of the
problem mentioned earlier.12–19 Various NP–cell interactions
have exhibited undesirable outcomes, sometimes resulting in
disruption of organelles and cell death.12,15 Au based nano-
structures have been one of the promising nanosystems as far
as the bio-medical eld is concerned.18–26 Recently, various
studies of AuNPs interaction with cells have shown that AuNPs,
once believed to be biocompatible, showed unexpected toxicity
to human cells under certain conditions.27–31 Hussain and co-
workers studied the surface charge dependent toxicity of
AuNPs.28 We have earlier reported that citrate capped gold
nanoparticles without any functionalization can be selectively
toxic to lung carcinoma (A549) cells while baby hamster
kidney (BHK21) and human hepatocellular liver carcinoma
(HepG2) cells remained unaffected; however the molecular
mechanism of the toxicity remains unknown.27 While most
studies have addressed the NP–extracellular protein interaction,
very few studies have focused on the interaction of AuNPs
with intracellular proteins, especially with the cytoskeletal
proteins.4,14,43–46

Among the numerous intracellular proteins, tubulin is an
important cytoskeletal, heterodimeric globular-protein con-
taining a and b subunits, with nearly 20 free thiols. It is involved
in microtubule (MT) formation, shows dynamic instability, is
responsible for intracellular transport of cargos and several
signalling mechanisms, and has been the most desired target to
treat cancer.32 Various drugs have been used to target the
tubulin–MT equilibrium.33,34 Tubulin–MT equilibrium targeting
drugs alter the dynamics in two different ways, either by stabi-
lizing the polymer structure of MT as in the case of taxol35 or by
inhibiting the tubulin polymerization into MT as in the case of
vinblastine and vitamin K3.36,37 Several of the tubulin–MT tar-
geting agents show cell cycle arrest at the G2/M phase of the cell
cycle.38 Among them taxol and colchicine are well-known anti-
MT agents. Some of the compounds also show cell cycle arrest at
the G0/G1 phase. These compounds mainly disrupt the inter-
phase MT network of the cells. For instance, a low concentra-
tion of colcemid does not cause disruption of spindle MT or
show cell cycle arrest at the G2/M phase, instead it disrupts
inter-phase MT and shows cell cycle arrest at the G0/G1

phase.39–42 Very few studies have been done specically on
tubulin–NP interaction. The studies we came across are: alter-
ation of the position of tryptophan residues in MT by TiO2

NPs,43 fabrication of AuNPs in MT laments polymerized by
taxol44 and remodelling of MT (through acetylation) by reactive
oxygen species produced by Fe2O3 NPs45 and recently, a docking
study of fullerene interaction withMT.46 The so-far unaddressed
interaction between AuNPs and tubulin and the elusive toxicity
mechanism of citrate capped non-functionalized AuNPs in
A549 cells27 have prompted us to carry out this study. We
Nanoscale
hypothesized that interaction with tubulin could likely result in
the toxicity observed, as it has 20 free thiols (since thiols have
strong affinity for gold). Hence, we carried out a two phase study
investigating the inuence of AuNPs on (i) the microtubule
assembly in vitro, (ii) the microtubule system and the cell cycle
in A549 cells.

As experimental outcomes, in this study, to the best of our
knowledge till date, for the rst time, we report AuNPs-induced
conformational change-based inhibition of polymerization and
aggregation of tubulin–MT in the cell free system. This is
distinctly a new observation as far as the interaction of AuNPs
with the tubulin–MT system is concerned. We have also
observed AuNPs-induced MT damage-mediated cell cycle arrest
at the G0/G1 phase and cellular apoptosis in A549 cells in vitro.
In this study we have carried out experiments using TEM, dark-
eld microscopy and FTIR, Raman, UV-Visible, uorescence
spectroscopic andmolecular biological techniques to know how
AuNPs change the tubulin–MT protein equilibrium in a cell free
system and in a cancer cell. This study, we believe, would
provide a new insight into the intracellular protein–AuNPs
interaction and associated toxicity, and also be useful in
understanding the safety of nanomaterials.
2 Experimental section
2.1 Materials

Hydrogen tetrachloroaurate (HAuCl4$3H2O), sodium citrate,
DAPI, DTNB, mice monoclonal anti-human a tubulin antibody
without conjugation, goat monoclonal anti-mouse IgG antibody
with rhodamine conjugation, GTP, PIPES, EGTA, RNase A, PI
(propidium iodide) and KBr were purchased from Sigma, USA.
Nutrient Ham's F12 (supplemented with 1 mM L-glutamine),
bovine fetal serum, penicillin–streptomycin mixture and
100 mM fungizone were purchased from HyClone, USA.
Trypsin–Versene was purchased from Cambrex Bioscience,
USA. Bradford Protein estimation kits were purchased from
GeNei, India. Annexin V-FITC apoptosis detection kit was
obtained from BD Biosciences, San Diego, CA, USA. The Folin–
Ciocalteu reagent and other chemicals of analytical grade were
purchased from Sisco Research Laboratories, India.
2.2 Instrumentation

All scattering and absorbance measurements were performed
using a UV-Visible spectrophotometer (JASCO V-630) equipped
with a variable temperature water bath. The plasmonic shi of
NPs was studied using a Perkin Elmer Lambda 25 spectrometer
equipped with a variable temperature water bath. All uores-
cence measurements were performed using a Photon Tech-
nology International Fluorescence spectrophotometer (USA)
equipped with a variable temperature Peltier system, and data
were analyzed using FeliX32 soware. Electron microscopy
analysis was done using a JEOL 3010 HRTEM. CD spectroscopic
measurements were done using a JASCO CD spectrophotometer
J-815. The confocal Raman microscope used was a CRM Alpha
300S (manufactured by WITec, GmbH, Germany) with a 532 nm
laser. The excitation laser was focused using a 100� objective,
This journal is ª The Royal Society of Chemistry 2013
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and the signal was collected in a back scattering geometry and
sent to the spectrometer through a multimode ber. Cell cycle
experiments were performed using a Becton Dickinson FACS
Calibur, and the data were analyzed using CellQuest program
from Becton Dickinson. Bright eld images were taken of cells
by an Olympus inverted microscope model CKX41. Confocal
images were taken with a Zeiss LSM 510 Meta Confocal Laser
Scanning Microscope and images were processed with LSM
soware. Dark eld microscopy experiments were done using a
Cytoviva microscope, attached to a hyperspectral imaging
system. The system captures the VNIR (400–1000 nm) spectrum
within each pixel of the scanned eld of view and spectral image
analysis was done using ENVI soware.

2.3 Preparation of AuNPs and purication of mammalian
tubulin

AuNPs were prepared by the citrate reduction method. Auric
chloride (HAuCl4$XH2O) 250 mM was reduced with various
concentrations (depending upon size requirements) of tri-
sodium citrate.47 The excess citrate was removed by centrifu-
gation and removing the supernatant and resuspending in
water. This procedure was repeated thrice. The particle
concentration inmolarity (MNP) of AuNPs was determined using
the following formula (1). Detailed calculations are given in the
ESI,† 1A.

MNP ¼ ðmolarity of Au3þ in the solutionÞ � ðvolume of one gold atomÞ
ðvolume of one nanoparticleÞ

(1)

Goat brain tubulin was puried by a temperature-dependent
polymerization and depolymerization method.61,62 Finally, the
protein was dissolved in PEM (containing 50 mM PIPES, 1 mM
EGTA, and 1 mM MgSO4) buffer at pH 6.9. The protein
concentration was estimated using the Bradford Reagent48

using bovine serum albumin as the standard and further
conrmed by the DTNB titration method.49 The protein was
stored at �85 �C for further experiments.

2.4 Polymerization inhibition and aggregation studies

Tubulin (12 mM) was incubated at room temperature in the
presence of AuNP40 and the extinction spectra were monitored.
Puried mammalian tubulin (12 mM) was mixed with 15 pM
AuNPs (AuNP20, AuNP40 and AuNP60) and polymerized in PEM–

glycerol buffer (50 mM PIPES, 1 mM EGTA, 1 mM MgSO4 and
33% glycerol) at 37 �C just aer adding 1 mM GTP in the
assembly mixture. The rate and extent of the polymerization
reaction were monitored by light scattering at 350 nm.50–52 Tri-
sodium citrate in the corresponding buffer was used as the
vector for the control sample. To see the effect of various
concentrations of AuNP40 on tubulin polymerization, puried
tubulin (12 mM) was polymerized in the presence of different
concentrations (0, 5, 12.5 and 25.0 pM) of AuNP40 and the extent
of polymerization was monitored in the same way as before.51,52

To study the change of the intrinsic uorescence of tryptophan
residues, 1 mM tubulin was incubated with 15 pM of AuNPs at
25 �C. Fluorescence data were corrected for the inner lter effect
This journal is ª The Royal Society of Chemistry 2013
according to the equation of Lakowicz,53 F ¼ Fobs antilog(AEx +
AEm)/2 where AEx stands for the absorbance at the excitation
wavelength (295 nm) and AEm stands for the absorbance at the
emission wavelength (335 nm). For HRTEM analysis 12 mM
tubulin was polymerized in PEM–glycerol buffer in the absence
and presence of 25.0 pM AuNP40. Samples were then xed with
0.25% (v/v) glutaraldehyde. Each sample (10 mL) was then
loaded on 300 mesh carbon coated copper grids. The samples
were allowed to stand for 5 min, and aer washing, grids were
negatively stained with 2% uranyl acetate. Copper grids were
dried under vacuum, and the samples were viewed using TEM.40

Samples used for TEM were also used for hyper-spectral
imaging (dark eld microscopy). Samples were spotted on glass
coverslips and then air dried for 30 minutes. Pictures were
taken using a Cytoviva microscope at 100� magnication.

2.5 Study on the effect of AuNPs on polymerized tubulins
(MT)

Tubulin heterodimers were allowed to polymerize in the pres-
ence of excess GTP (2 mM) at 37 �C. The system was allowed to
polymerize till saturation (25 min) and was monitored by scat-
tering at 350 nm. Then different concentrations of 15 mL of
AuNP40 (5, 12.5 and 25 pM, respectively) and the buffer (AuNP
free buffer aer centrifugation at 10 000g for 20 minutes) was
added to the solution and mixed slowly and scattering at
350 nm was monitored for another 25 minutes. Since AuNPs
have a strong extinction at 350 nm, nano-particles were also
incubated in protein free buffer (PEM–glycerol–GTP) and used
for background correction.

2.6 Studies on conformational change

For CD spectroscopic analysis, tubulin (1 mM) was incubated
with different concentrations 0, 10, 25 and 50 pM of AuNP40
separately in 20 mM sodium phosphate buffer (pH 6.90) for 60
min at 37 �C. Then CD spectra were taken in the range of 200–
260 nm wavelength regions. Phosphate buffer was used for CD
as PIPES had high absorbance at 220 nm. Thiol estimation was
done using the DTNB titration method. Tubulin (1 mM) was
incubated with 25.0 pM of AuNP40 for 60 min at 37 �C, and then
the sample was titrated with 400 mM DTNB (excess) for 15 min
separately, and compared with the control. In the rst set 12 mM
tubulin was polymerized for 30 min at 37 �C in the presence and
absence of 25.0 mMAuNP40 and in the second set, 12 mM tubulin
was incubated for 3 h at 37 �C (in an unpolymerizing condition)
in 25.0 pM AuNP40 and FTIR spectra were measured for all sets
using a Perkin Elmer Spectrum One instrument. KBr crystals
were used to prepare the matrix for the samples. The second
derivative of the FTIR spectrum was taken using “Spectrum
One” soware provided by Perkin Elmer. For each set, at least 5
independent experiments were done. 100 mL of each sample
used for FTIR analysis was taken and dried (under vacuum) on
an inert glass surface for Raman studies. Raman spectra of all
samples were taken using 532 nm laser excitation. For each set,
at least 5 independent experiments were done. Western blot
experiment was carried out as reported elsewhere. 200 mg of the
whole cell extract was used as samples for cell free and
Nanoscale
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intracellular tubulin systems, respectively. Samples were given
cold shock before running the gel. Control and treated A549
cellular protein were collected aer cold induced depolymer-
ization for 6 h at 4 �C. Western blot was done aer running 6%
non-reducing SDS PAGE, using mouse monoclonal anti-a-
tubulin antibody as the primary and HRP conjugated goat
monoclonal anti-mouse IgG as the secondary antibody. Protein
bands were detected in X-ray lms using the chem-
iluminescence technique. Anti-actin and anti-GADPH anti-
bodies were used for the detection in the experiment.
Fig. 1 Structural changes of AuNP40 due to interaction with tubulin: shift of SPR
of AuNP40 (black solid line) from 532 nm to 540 nm (red solid line) due to the
initial association of tubulin and change of the dielectric constant of the envi-
ronment. As a function of incubation time with tubulin, while the SPR intensity at
540 nm decreases, a new plasmon peak, possibly due to closely spaced NPs
appears in the near infrared at 750 nm (purple dotted arrow). The increase in the
background signal near 1000 nm (yellow dotted arrow) indicates aggregation.
Inset (down, left): TEM image showing parent AuNP40 (scale bar is 50 nm). Inset
(up, right): schematic representation of the closely spaced nanoparticles in
association with the protein molecules.
2.7 In vitro cell line experiments

Human lung carcinoma A549 and human breast cancer MCF-7
cells were maintained in Ham's F12 supplemented with 1 mM
L-glutamine, 10% fetal bovine serum, 0.2% NaHCO3, 1 mM
penicillin, 1 mM streptomycin and 1 mM fungizone pH 7.4.
Cells were cultured at 37 �C in a humidied atmosphere con-
taining 5% CO2. Fresh media as well as fresh AuNPs were added
every 24 h of the treatment. For each dose, approximately 1 �
106 cells were taken in a 35 mm tissue culture plate and each
experiment was repeated at least 5 times.40,51,52 To analyse the
cytotoxic effects of AuNPs, 25 pM of AuNP20, AuNP40 and
AuNP60 were incubated for 72 h and the cell viability assay was
performed by a trypan blue viable cell count method.40 For each
set, at least 5000 cell counts were taken. To analyse the effect of
AuNP40 on cell cycle progression, cultured A549 cells were
treated with different concentrations of AuNP40 (12.5 and 25.0
pM) along with the control for 72 h. Aer the treatment, cells
were xed with methanol and treated with RNase A and then
stained with propidium iodide and cell cycle analysis was
carried out in a ow cytometer. To study the apoptotic effect,
AuNP40 (12.5 and 25.0 pM) treated cells were processed with
uorescence isothiocyanate (FITC)-conjugated Annexin V for 15
minutes at room temperature in a calcium enriched buffer.
Propidium iodide (PI) was used as the counter stain for ow
cytometric analysis. To study the effect of AuNP40 on cellular
morphology, A549 cells were grown on coverslips at a concen-
tration around 1 � 105 cm�2 and treated with AuNP40 as
previously mentioned and bright eld images were taken. MTs
of A549 cells were stained using mouse monoclonal anti-a-
tubulin antibody (Sigma) at 1 : 100 dilution and rhodamine
conjugated goat monoclonal anti-mouse IgG secondary anti-
body (Santa Cruz Biotechnology) at 1 : 150 dilution. Aer
staining, confocal images were taken. The cells were treated for
a period of 12 h, and 24 h with 25 pM of AuNP40 on glass slides
in an animal cell culture plate. Images were taken aer repeated
1� PBS wash at 37 �C using a halogen lamp (400–1000 nm) as
the light source at 100� magnication.
3 Results and discussion
3.1 Structural changes due to tubulin AuNP interactions in a
cell free system

Citrate capped spherical AuNPs with sizes of 20 nm (AuNP20),
40 nm (AuNP40) and 60 nm (AuNP60) were prepared by a stan-
dard method.47 AuNP sizes were calculated from the observed
Nanoscale
extinction coefficients in UV-Vis spectroscopic studies and were
further conrmed by electron microscopic studies (Fig. S1†).
The polymerization reaction mixture containing 12 mM of
tubulin was incubated with 15 pM AuNPs and the surface
plasmon resonance (SPR) was monitored by UV-Vis spectros-
copy (Fig. 1).

We observed a slight 8 nm red shi, immediately upon the
addition of AuNP40 to the tubulin mixture which is likely to be
due to the change in the dielectric constant of the nano-
particle's environment, induced by the surrounding proteins.
As a function of time, while we observed a decrease in the SPR of
AuNP40 at 540 nm, there was an increase in the absorbance in
the NIR region with a single isosbestic point at 683 nm and a
new plasmonic peak developed around 750 nm. Increase in the
background signal near 1000 nm was also observed which can
be attributed to close spacing of AuNPs or aggregation9,54

(Fig. 1). The presence of a single isosbestic point suggests the
involvement of a single intermediate state between the two
forms of particles (single particles and protein induced aggre-
gated ones).

To know the fate of the protein's functionality due to the
interaction, we monitored the scattering50 at 350 nm for 30
minutes which corresponds to polymerization of tubulin into
MT. Results suggested that AuNPs inhibited the polymerization
process signicantly. Among the three different sized NPs used
for the experiment, AuNP40 showed maximum inhibition of
polymerization to the extent of 46.13 � 3.1% while AuNP20 and
AuNP60 showed 12.87 � 3.2% and 23.91 � 4.1%, respectively
(Fig. 2A) (Table 1). Since AuNP40 showed high polymerization
inhibition, we chose this system for further microscopic and
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Effect of AuNPs on the polymerization of purified mammalian tubulin: (A) plots showing the inhibition of polymerization by three differently sized AuNPs.
AuNP40 (blue solid line) shows maximum initial delay and inhibition of polymerization. (B) AuNP40 shows concentration-dependent inhibition of polymerization. (C)
Dark field microscopic image (scale bar 20 mm) of polymerized tubulin (MT) in the absence of AuNP40 (the red-dotted double sided arrow indicates the formation of
long MT). The inset is a transmission electron microscopic (TEM) image (scale bar 100 nm) showing polymerized MT stained with uranyl acetate in the absence of
AuNP40. (D) In the presence of 25 pM AuNP40, MTwas not formed, instead extended amorphous aggregates were formed. The dark field microscopic image (scale bar
20 mm) shows one such large aggregate; bright yellow, red and blue spots are AuNP40 particles (magenta dotted arrows point at AuNPs) and the inset TEM image (scale
bar 100 nm) shows the nanoparticle-induced protein aggregation. Note that very few NPs cause aggregation of a huge number of protein molecules.
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spectroscopic studies to probe the reason behind the inhibition
of polymerization.

We further studied the concentration dependent inhibition
of polymerization by AuNP40 at 5.0, 12.5 and 25.0 pM concen-
trations which exhibited respectively, 28.6� 2.7%, 40.32� 1.7%
and 60.47 � 3.5% inhibition (Fig. 2B) (Table 2). From these
observations, we calculated the concentration required for 50%
inhibition of polymerization.

The calculated IC50 was 18.6� 0.9 pM (Fig. S2†) and the molar
ratio between AuNP40 and tubulin was 1 : 3.16� 105 (see the ESI†
for the calculation). This implies that a single AuNP is enough to
create an avalanche of aggregation when coming in contact with
tubulin inside a cell. In order to observe the aggregates, we carried
out hyper-spectral imaging using dark eld microscopy and TEM
studies of tubulin–reaction mixtures with and without AuNP40,
Table 1 Percentage of inhibition of polymerization of tubulin by three differ-
ently sized AuNPs

AuNPs
(15 pM)

Absorption
maximum (nm)

Size of
AuNPs (nm)

Inhibition of
polymerization (%)

AuNP20 525 20 12.87 � 3.2
AuNP40 532 40 46.13 � 3.1
AuNP60 537 60 23.91 � 4.1

This journal is ª The Royal Society of Chemistry 2013
incubated for the formation of MT. Reaction mixtures without
AuNP40 formed long ber-like structures of MT (Fig. 2C) (the inset
shows a TEM image), while the reaction mixture with 25 pM
AuNP40 formed random tubulin aggregates. The association of the
nanoparticles with protein aggregates is clear from the gures. In
the hyper-spectral image, the red and yellow spots show that they
are nanoparticles (Fig. 2D). The inset of the gure shows a TEM
image of a portion of such an aggregate. Since we observed that a
single nanoparticle could cause 105 tubulin molecules to aggre-
gate (Fig. S2†) and all protein molecules could not have interacted
with the available AuNPs, theremust be a conformational-change-
based protein aggregation mechanism, as observed in some
neuronal diseases and previous studies.7,8 To test whether the
inhibition of polymerization and aggregate formation (Fig. 2) are
due to conformational changes caused by AuNPs, we probed the
conformational changes of the protein by a set of standard
analytical techniques. Direct microscopic and UV-Vis spectro-
scopic studies revealed that AuNP40 interacted with puried
mammalian tubulin and caused aggregation. But surprisingly,
circular dichroism (CD) studies showed very little changes in the
conformation of MT (Fig. S3†). Hence, to probe the change,
Raman spectroscopic investigation was carried out (Fig. 3).
Raman spectroscopy can provide insights into the structural
modications in protein upon its interaction with AuNPs.9 The
amide bonds which link amino acids are amide-I, amide-II and
Nanoscale
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Table 2 Concentration dependent inhibition of polymerization of tubulin by
AuNP40

Concentration of AuNP40 (pM) Inhibition of polymerization (%)

5.0 28.6 � 2.7
12.5 40.3 � 1.7
25.0 60.5 � 3.5

Fig. 3 Raman spectral features for MT and tubulin upon AuNP40 treatment:
various curves are labelled with the corresponding colors. Important regions
(amide-I, amide-II, amide-III, amide-IV, amide-V and glycoside linkage) have been
marked by the name of the prominent bond in the region and are discussed in the
text and in Table 3. Specific regions are multiplied by 3 to show the features
clearly.
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amide-III, which give specic vibrational bands in the range of
1600–1690, 1480–1575, 1229–1301 cm�1, respectively.

Other amide vibrational bands come in the range of 625–
767 cm�1 (OCN bending), 640–800 cm�1 (out of plane NH
bending), 537–606 cm�1 (out of plane C]O bending), and 200–
300 cm�1 (skeletal torsions) which are assigned as amide-IV,
amide-V, amide-VI and amide-VII, respectively.

The amide-I vibrational structure is the most sensitive among
all and any alteration of it is a signature for protein secondary
structure modication. AuNP40 induced some changes in the
secondary structures of both the forms (MT and tubulin hetero-
dimer) of the protein. In both the cases, AuNP40 altered the
protein b sheet regions. In addition to that, alteration at the a-
helix region of MT was also observed. Though all the Raman
features are not fully understood, alterations in structural
features show partial conformational changes. In both sets of our
experiment, we observed changes in the protein features (Fig. 3).
Each measurement was repeated up to 5 times and in the pres-
ence of AuNPs, enhancement in the Raman spectral intensity was
observed due to SERS. The Raman feature at 1655 cm�1 is due to
amide-I (C]O stretching in combination with the contributions
from C–N stretching) of the protein's random coiled structure. In
the case of tubulin, the shoulder at 1656 cm�1 got shied to a
Nanoscale
very weak feature at 1668 cm�1, while the other feature at
1672 cm�1 disappeared completely upon treatment with AuNPs
indicating a possible modication of the secondary structure. In
the case of MT, the weak feature at 1656 cm�1 disappeared upon
interaction with AuNPs. The feature at 1624 cm�1 due to the b

sheet of MT got shied to 1628 cm�1 upon interaction with
AuNPs. The amide II (N–H deformation and contribution from
C–N stretching) feature for tubulin b sheets at 1474 cm�1 got
shied to 1483 cm�1 and the similar feature for MT at 1458 cm�1

got shied to 1474 cm�1 during the interaction. The amide II
feature for the tubulin a helix at 1450 cm�1 was shied to 1468
cm�1. There was no corresponding feature in the case of MT.55

Au–S stretching at �327 cm�1 was observed in the AuNP40–
tubulin sample56 but was not observed in the AuNP–MT sample;
this may suggest that the interaction leading to aggregation
requires a specic site or chemical moiety of the tubulin mono-
mer. Since tubulin does not have any disulphide bond, no
stretching at 504 or 524 cm�1 was observed.9 Structural modi-
cations upon interaction with AuNPs were observed in various
regions like amide III, IV and V and C–O–C bending region
(symmetric and asymmetric) as evident from Table 3.

We have also compared FTIR and second derivative FTIR
spectra of tubulin and MT before and aer interaction with
AuNPs. The second derivative of FTIR is sensitive and typically
used to analyse the conformational changes in the amide I
region of the protein where the changes are difficult to be
observed in the primary spectra.10 Direct comparison of FTIR
spectra has not revealed anything signicant (Fig. S4†). The
amide I (1600–1690 cm�1) band observed is due to character-
istic stretching and bending vibrations of the amide bonds,
most sensitive to protein secondary structures. Hence we have
studied and compared the second derivative of the FTIR spectra
in this window (Fig. 4). The band appearing at 1654 cm�1 is
assigned to the a helix and the bands appearing at 1648 and
1640 cm�1 are attributed to disordered a-helices (random coil).
The prominent band for b-sheets is observed at 1685 cm�1; it
also shows signatures at 1634 and 1627 cm�1. The bands
between 1664 and 1682 cm�1 are assigned to b-turns.10 The
comparison between spectra of tubulin before and aer inter-
action with AuNPs has shown that there is substantial decrease
in the intensity of bands for secondary structures aer inter-
action and is an evidence for the structural changes; such
changes could have led to aggregation. However, in the case of
MT (polymerized tubulin), no signicant changes were
observed in the spectra aer interaction with AuNP40.

In a recent study, Ratnikova et al. reported that hydrogen
bonding between a tubulin heterodimer and a fullerene deriv-
ative can induce conformational change and inhibit polymeri-
zation.46 Hence, not only thiol–Au mediated conformational
change, but also interaction of other chemical groups of the
protein with AuNPs could contribute to partial conformational
change. The exact mechanisms and the chemical moieties
involved in these processes would be investigated in detail in a
subsequent computational and experimental study.

Each tubulin heterodimer has 12 tryptophan residues which
are distributed heterogeneously in a and b-subunits. Direct
interaction of a ligand with tubulin may quench the intrinsic
This journal is ª The Royal Society of Chemistry 2013
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Table 3 Observed Raman shifts (in cm�1) of AuNP40-treated MT and tubulin9,55,56

MT AuNP40–MT Possible bond Tubulin AuNP40–tubulin Possible bond

235 235 C–C 268 282 C–C
338 338 C–O–C of glycoside 327 Au–S
404 420 — 352 352 —
478 486 427 427 —
528 542 C]O 459 468
669 673 C]S 551 510 C]O
771 789 O–C–N bending 623 623 C]S
811 824 N–H bending out of plane 793 776 O–C–N bending
847 860 C–O–C 838 829 N–H bending out of plane
917 925 C–O–C — 864 C–O–C
974 982 Polysaccharide back bones 943 — C–O–C
1047 1060 Polysaccharide back bones 987 — Polysaccharide back bones
1107 1102 C–O–C asymmetric 1012 1016 Polysaccharide back bones
1213 1217 Amide III (a helix) 1064 1051 Polysaccharide back bones
1264 1259 Amide III (b sheets) 1107 1111 C–O–C asymmetric
1310 1317 Amide III (random coils) 1128 1128 C]S
1355 1371 C–H bend 1187 1175 —
1458 1474 Amide II (b sheets) 1204 1201 C–C–O stretching
1624 1628 Amide I (b sheets) 1242 1234 Amide III (a helix)
1656 — Amide I (random coils) 1297 1305 Amide III (b sheets)
— 1700 1322 1326 Amide III (random coils)
1758 — C]O of alkyl ester 1351 1347 C–H bend

1450 1468 Amide II (a helix)
1474 1483 Amide II (b sheets)
1656 1668 Amide I (random coils)

Fig. 4 The second derivative FTIR spectra of the amide I region of tubulin and
MT upon interaction with AuNP40. Comparisons between specific regions are
shown with dotted oval shapes.
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tryptophan uorescence of tubulin. The tryptophan quenching
assay (Fig. S5†) also suggested the possibility of the conforma-
tional change of the protein upon nanoparticle interaction.
Quenching can be due to alteration of the structure or associ-
ation of AuNPs with the protein (as AuNPs are known to quench
uorescence). Further, as the tubulin heterodimer contains 20
cysteine residues, to monitor the modication of thiol, we did
thiol estimation of AuNPs treated tubulin which revealed a loss
of 0.6–1 cysteine residues, a loss of 3–5% of the total cysteine
content per heterodimer. Even in the case of 25.0 pM AuNP40
treatment, we observed only 3–5% loss of the total cysteine
content (Fig. S6†). These results indicated that not all thiols are
This journal is ª The Royal Society of Chemistry 2013
modied and most of them remain free, which further supports
the suggestion that conformational change is partial and is
reinforced by the Raman spectroscopic observations. To check
whether the polymerized tubulins (MT) get depolymerized by
the AuNPs (akin to the effect caused by certain MT depolymer-
ising drugs), we monitored the scattering at 350 nm by adding
different concentrations of AuNP40 to polymerization saturated
MT. No signicant depolymerization was observed even in the
presence of 25 pM of AuNP40 (Fig. S7†). These observations
further corroborate the results obtained in Raman and FT-IR
investigation that polymerized tubulin may undergo lesser
conformational changes than free tubulin.

From all the observations made in the cell free system, we
have demonstrated that weakly protected AuNPs induce partial
conformational changes in tubulin which in turn inhibit poly-
merization and cause aggregation. One should note that not all
proteins undergo such conformational change-based extended
aggregation, for example BSA does not get aggregated due to
interaction with citrate capped AuNPs;9,57 thus the observed
tubulin aggregation becomes crucial from the point of view of
nanotoxicity since it is involved in cellular transport, cell cycle
and cell shape stability. Halas et al. have also shown that upon
protecting the AuNPs with bulky groups such as polyethylene
glycol, such extended protein mediated aggregations do not
take place.9 Hence understanding the interaction of bare AuNPs
with tubulin becomes crucial. If such an aggregation process
happens inside the cell, it is likely to cause cell cycle arrest and
apoptosis, and we hypothesized this could be one of the reasons
for the selective toxicity observed in the A549 cell line which is a
well-known model for microtubule-based studies.
Nanoscale
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3.2 In vitro cell line experiments

To test the above mentioned hypothesis, we incubated the
AuNPs of three different sizes (Table 1) for cell viability assay,
with the lung cancer cell line (A549), which has a prominent MT
network, a widely used cell line inMT targeted drug studies. The
cell viability assay results obtained for a 72 h incubation period
indicated that AuNP40 had the maximum cytotoxicity effect
among the three different NPs tested, leaving only 49.86 �
3.68% of the cells viable while AuNP20 and AuNP60 le 80.57 �
4.72% and 59.34 � 2.75% of cells viable, respectively (Fig. 5A
upper panel and Table 4). Cell viability was high for other time
intervals, 12, 24 and 48 h, for all three sizes of AuNPs and for
different incubation concentrations (Fig. S11†). It has been
observed that 40 to 50 nm sized nanoparticles are uptaken
more.58,59 Wei et al. observed that 45 nm AuNPs were uptaken
more and present in the cytoplasm of lung cancer and HeLa
cells using dark eld optical sectioning microscopy.60 This may
be the reason for the observed effect: more the uptake, higher
the probability of membrane disruption and hence more the
probability of toxicity.61 Since AuNP40 caused the maximum
Fig. 5 Effect of AuNPs on cell viability and cell cycle distribution pattern: (A) percent
(B) Histogram showing cell cycle phase distribution of residual live cells after 72 h of
A549 cell death after incubation with different concentrations (0, 12.5 and 25.0 pM)
in lung cancer cells in a concentration dependent manner.

Table 4 Results of flow cytometric cell cycle and Annexin V assays with A549 cells
alone was considered for cell cycle calculations

Concentration of AuNP40 Sub G0/G1 % G0/G1 %

Control (0 pM) 4.3 � 0.3 59.9 � 1.4
12.5 pM 26.0 � 1.3 65.6 � 1.8
25.0 pM 41.2 � 2.5 71.9 � 1.1

Nanoscale
cytotoxic effect, we further examined AuNP40 treated cells for
cell viability, cell cycle arrest, MT damage and apoptosis as a
function of its concentration. It indicated that at 12.5 and 25.0
pM of the NPs, 26.0 � 1.3% and 41.2 � 2.5% of the cells were in
the sub G0/G1 phase (hypoploidy) respectively, while only 4.3 �
0.3% of the control population was in the sub-G0/G1 phase
(Fig. 5B and C). The calculated IC50 value for A549 cells was
29.5 � 1.7 pM (Fig. S8†). Among a live cell population, the
control set had 59.9 � 1.4% of cells in the G0/G1 phase while
12.5 and 25.0 pM AuNP40 treated cells had 65.6 � 1.8% and
71.9 � 1.1% of the cell population in the G0/G1 phase (Fig. 5C
and Table 4). These results indicate that AuNPs induce cell cycle
arrest at the G0/G1 phase (Table 4). To check whether there are
onco-cellular apoptosis and cell death pattern, we conducted
ow cytometric Annexin V/PI assay. The assay revealed that 72 h
incubation of cells with 12.5 and 25.0 pM AuNP40 resulted in
22 � 1% (early ¼ 16.07 � 0.26% and late ¼ 5.72 � 0.57%) and
47 � 1.5% (early ¼ 30.85 � 0.7 and late ¼ 17.68 � 0.91%)
apoptotic populations, respectively, while the control had only
3 � 0.5% (early ¼ 2.39 � 0.23% and late ¼ 0.7 � 0.14%)
apoptotic population (Fig. 5D). Further, investigation of cell
age of cell viability upon incubation with 12.5 pM AuNPs of different sizes for 72 h.
AuNP40 treatment (C). FACS data revealing G0/G1 cell cycle arrest and induction of
of AuNP40 for 72 h. (D) Annexin V/PI assay revealing the AuNP40 induced apoptosis

incubated with AuNP40 at different concentrations for 72 h. Live cell population

Apoptotic cells %

Early Late Total

2.39 � 0.23 0.7 � 0.14 3 � 0.5
16.07 � 0.26 5.72 � 0.57 22 � 1
17.68 � 0.91 30.85 � 0.74 47 � 1

This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 (A) Phase contrast and (B) confocal images of control and AuNP40 treated samples. AuNP40 treated samples show MT damage while the control cells show a
normal MT network after 72 h. (C) DFM images of the control and treated cells. The right top image is the control and the middle one is 25 pM AuNP40 treated cells
(incubation time 12 h) which show shrinkage when compared to the control. The right bottom is 12.5 pM AuNP40-treated cells (for 24 h) showing more shrinkage than
12 h treated cells. In both 12 h treated and 24 h treated samples, scattering is seen which is distinctly different from that of scattering produced by vesicles in the
normal, untreated cells (Fig. S9†). Some of the nanoparticles are labelled with dotted circles in the middle and bottom-most images of C.
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morphology by phase contrast microscopy upon AuNP40 treat-
ment showed disruption of cell morphology and shrinkage of
cellular periphery in a dose dependent manner (Fig. 6A). In
phase contrast images, the observed MT network pattern in
control samples was well distributed and extended, exhibiting a
normal cytoskeletal structure while the AuNP40 treated cells
showed a damaged and shrunken MT network (Fig. 6B). 12.5
pM and 25.0 pM AuNP40 treated cells were immunouorescent
stained with monoclonal anti-a-tubulin antibody and TRITC
conjugated anti-mouse IgG secondary antibody. CLSM images
were obtained to analyse the morphology. In 12.5 pM treated
cells, peripheral MT were damaged and shrunken moderately
while in 25.0 pM treated cells, the MT network was damaged
extensively (Fig. 6B).

Recently, dark eld microscopy (DFM) has been employed to
probe the nanoparticle–cell interaction and to study the meta-
bolic processes of cells, particularly in the presence of plas-
monic nanoparticle-based smart-constructions to decipher the
secrets of cells in real time.62–64 The uptake of AuNPs by the cells
was conrmed by DFM investigation using a hyperspectral
imaging system. Hyperspectral imaging of the cells with NPs
revealed that the particles were observed in the cytosol of the
cell and not in the nucleus, though they were seen around the
perinuclear membrane area (Fig. 6C and D). However, during
the later period of incubation, nuclear morphology changes
were observed, though no nanoparticles entered the nucleus.
This can be attributed to the microtubule damage effect, as it is
This journal is ª The Royal Society of Chemistry 2013
observed that microtubule-damaging drugs induce changes of
nuclear morphology. Untreated cells also exhibited some scat-
tering due to vesicles, but the cells with nanoparticles had
higher plasmonic scattering which was distinctly different from
that of scattering caused by vesicles (Fig. S9†). Shrinkage of the
cytosolic portion of the cell was also observed with time (Fig. 6C,
12 h and 24 h). The positive control for MT damage was carried
out with vinblastine, as it is known to destabilize MT and it was
used for comparison (Fig. S10†).

To check whether actin also was damaged as a function of
time, we stained both actin and tubulin with their respective
antibodies and analysed in CLSM. In Fig. 7A it can be seen that
aer 12 and 24 h of incubation, MT (red) is more damaged and
disrupted than actin (green) which leads to cell morphology
change. To check whether AuNP40 could cause aggregation of
the tubulin–MT system intracellularly as well and whether the
observed apoptosis is due to microtubule damage mediation,
we carried out western blot. The experiment was carried out
aer giving cold shock to the formed microtubules (to the cell
extract) which is necessary for depolymerization. A normal
microtubule would depolymerize and give rise to tubulin
monomers, but the aggregated tubulin–MT system would not
become monomers. We compared the control cellular extract of
treated and untreated cells by western blot aer running in a
6% non-reducing SDS PAGE. We did not observe any aggrega-
tion of tubulin in the cellular extract collected from untreated
cells (Fig. 7B, lane 1), while western blot of AuNP40 treated cells
Nanoscale
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Fig. 7 (A) Confocal fluorescence images of A549 cells treated with AuNP40
showing intracellular damage of microtubules as a function of time. Actin and
tubulin microtubule are stained with their respective antibodies (actin-green and
tubulin-red) and the nucleus is stained with DAPI. I, II, III and IV columns represent
incubation times (with AuNP40) of 0 h, 12 h, 24 h and 72 h, respectively. The scale
bar is 10 mm. The positive control with vinblastine is provided in the ESI, Fig. S10.†
(B) Western blot data showing non-aggregated tubulin in control cells (lane 1)
and aggregated tubulin in AuNP treated cells (lane 2). (C) Western blot shows
upregulation of apoptotic proteins p53 Bax/Bcl-2 and PARP cleavage (GADPH is
the loading control). (D) Western blot done after cold depolymerization showing
an increase in the aggregated insoluble tubulin while actin does not increase. The
loading control GADPH does not aggregate suggesting that the microtubule was
damaged and aggregated which induced concomitant cell cycle arrest and
apoptosis.
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showed tubulin aggregation (Fig. 7B, lane 2). In all cases protein
aggregation sizes varied, suggesting that big tubulin aggregates
are less likely to be stable and they easily disassociate when
treated with SDS (Fig. 7B, lane 2). This signies less involvement
of covalent linkages (S–S, S–Au bonds), which is supported by
the observation that less cysteine residues are modied due to
AuNPs interaction (Fig. S7†). Hence, the aggregates may not be
very stable in nature and easily get disrupted when treated by
SDS. This indicates that the protein aggregates are not only
formed due to covalent interactions with AuNPs but also due to
weak interactions which have to be investigated in future to nd
the exact mechanism. Supporting the above view of weak
interactions, in a study Zhou et al. have fabricated AuNPs in
taxol polymerized MT, unlike the present study where direct
Nanoscale
AuNPs–tubulin interaction is monitored. They have reported
that aromatic, imidazole group amino acids of tubulin and
carboxylates can interact with AuNPs other than the thiol group
of amino acids.46 Results from in vitro intracellular experiments
suggest that AuNPs interaction with the tubulin–MT system
caused cell cycle arrest and apoptosis. Upregulation of proa-
poptotic proteins like p53 and Bax and down regulation of
anti-apoptotic protein Bcl-2 were found (Fig. 7C). Cleavage of
poly(ADP-ribose) polymerase (PARP), which is an indicator that
the cell is undergoing apoptosis, was also observed (Fig. 7C).
PARP is cleaved by caspases which are produced during mito-
chondrial apoptosis activation indicating that this is a mito-
chondrial apoptosis. It is known that microtubule damage
induces caspase activation which leads to PARP cleavage as in
the case of anti-MT drugs.65 In Fig. 7A, aer 24 h no differen-
tiation between MT and actin damage can be made. Hence to
check whether actin or other cellular protein also got aggre-
gated (here we used the loading control), western blot was run
aer separating soluble and insoluble portions of the cell
extract aer cold depolymerization. WB results showed increase
in tubulin aggregation in the insoluble part while actin and the
loading control were not found in the insoluble part of the
extract which also suggests that the microtubule is intracellu-
larly damaged and aggregated (Fig. 7D). Another observation is
that while the cells were highly viable for almost till 48 h
(Fig. S11†) and only at 72 h the viability decreases largely and
apoptosis is found; in confocal images at 24 h the initiation of
damage of microtubules is clearly seen, which also reveals that
the MT damage occurred before apoptosis and the observed
apoptosis could be a MT-damage mediated one. It may also
explain why we see an increasing ratio in PARP cleavage and
other apoptotic signatures as a function of time along with
increasing tubulin aggregates (Fig. 7C, D). Acetylation, a post
translational modication, which can be one of the reasons for
resistance to cold depolymerisation and increased half life of
MT also could be ruled out. Upon acetylation, one would expect
to see more stable, larger MT bundles (mostly near the cell
membrane) without affecting the cell viability, but here instead
we see disruption of MT leading to cell cycle arrest and
apoptosis, further reinforcing the proposed hypothesis.66,67

Culha and co-workers attempted to study AuNP-induced
damage with the mitochondria of A549 cells; however they
found no such damage, and reported that even incubating
AuNPs with isolated mitochondria did not cause damage. They
also suggested that AuNPs could have escaped the endosome
and entered the cytosol in the A549 cell.68 In a recent study,
Dawson and co-workers found intracellular tubulin to be bound
among many other bound proteins on the surface of silica and
polymeric NPs incubated in the cytosolic uid.6 In the same
study, they introduced the nanoparticles to human plasma
(extracellular uid) rst and collected the particles. Then they
subsequently introduced the particles to the cytosolic uid and
observed the binding of cytosolic proteins through re-equili-
bration of extracellular uid proteins, revealing the dynamic
nature and evolution of the protein corona while transferring
from one biological uid to another. This suggests that AuNPs
could behave similarly, though they would interact with
This journal is ª The Royal Society of Chemistry 2013
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Scheme 1 (A) Representation of AuNPs-induced aggregation of the tubulin–MT system during the polymerization reaction. (B) AuNPs-induced apoptosis in vitro in
the lung cancer cell line, A549. (C) Schematic of the uptake of AuNPs by A549 cells and insoluble aggregates of tubulin found inside the cell (* (red color) indicates that
the intracellular aggregation mechanism is yet to be fully understood), while intracellular tubulin aggregation is clearly evident upon AuNP uptake (see Fig. 7D). The
scheme is for illustration purpose only and not to scale.
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proteins present in the media. Upon entry into the cell from the
cell media or biological uid, AuNPs could bind to intracellular
proteins too through reassociation according to the relative
affinities of the interacting proteins with the AuNP surface.6 In
neuronal progenitor cells, it has been observed that polymer
coated AuNPs induced cytoskeletal damage.69 Hence, in the
light of the literature and from the observed results such as
G0/G1 cell cycle arrest and aggregation of intracellular tubulin
along with non-aggregation of intracellular actin or GADPH (a
house keeping enzyme), it may be concluded that AuNPs
interacted with tubulin inside the A549 cells and caused MT
damage and subsequent cell cycle arrest and apoptosis.
Although we have not studied how exactly AuNPs interact with
MT inside the cell, MT damage and aggregation is evident from
our observations (Fig. 7D). We also assume that the MT damage
is likely to have initiated around the perinuclear region where
crowding of AuNPs is seen (Fig. 6C) and where the MTs are
nucleated and are densely organized. There are several reports
indicating different routes of uptake (including non-specic
and unknown routes) of AuNPs,68,70 however, endocytosis facil-
itates the nanoparticle uptake prominently.15 Endosomal
escape of nanoparticles is an active area of research which is
very important for delivery of drugs and genes. Here the
This journal is ª The Royal Society of Chemistry 2013
observed effect could take place only if AuNPs escaped from the
endosomes or through other unknown routes in which AuNPs
were uptaken and have the probability to be present in the
cytosol. Recently, Volk and co-workers have shown that gold
nanoparticles could escape under low laser intensity (which is
too low to cause a photothermal effect) without any photo-
thermal effect from the endosomes and suggested that radical
generation could facilitate such an escape.71 During the late
phases, upon maturation of endosomes, we assume that
nanoparticles could likely escape.72 Braeckamns and co-workers
suggested that during the late phases the cytoskeleton may be
damaged due to the crowding effect of growing nanoparticle
containing endosomes.69 The growth of endosomes upon
crowding, ageing, non-thermal membrane disruption and steric
effect could have likely resulted in the escape of particles.61,71,72

However, detailed studies are required to answer these ques-
tions which are a subject of future investigation. Apoptosis itself
could be caused by several pathways; however, here our obser-
vation of the presence of insoluble intracellular aggregation
even aer cold depolymerisation and the increasing quantity of
insoluble aggregates as a function of time suggests a strong
contribution of MT damage effect directed by AuNPs and it
could be the predominant pathway in this case or one of the
Nanoscale
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several apotoptic pathways, since multiple toxic effects are seen
when gold nanoparticles are uptaken.69 Nevertheless, the
involvement of MT damage in the toxicity effect is clear in the
case of A549 cells. The key observations of the present study are
illustrated in Scheme 1.

Further, how the presence of AuNPs affects the extracellular
matrix and cellular adhesion during the incubation time, their
concomitant signalling cascades and how they would in turn
remodel or affect theMT would also givemuch clearer picture of
what is happening inside the cell and it is an area of future
investigation. We have observed similar effects in the case of the
MCF-7 cell line also upon interaction with citrate capped AuNPs
(Fig. S12 and S13† for cell viability and microtubule disruption,
respectively), although these studies have been limited.
4 Summary and conclusions

In this paper, we have probed the nature of microtubule gold
nanoparticle interaction, which has remained unaddressed till
date and looked at the toxicity mechanism from the point of
view of microtubule damage. Interaction of weakly protected
AuNPs with tubulin in the cell free system was investigated in
the rst part of the study and we found that AuNPs can induce
conformational-change-based aggregation in the tubulin–MT
system, thus affecting the dynamic equilibrium. Extended
aggregates of tubulin with AuNPs were seen by DFM and TEM.
Second derivative IR and Raman spectroscopy revealed that
partial conformational changes are responsible for the aggre-
gation. Thus we have demonstrated, to the best of our knowl-
edge till date, for the rst time that conformational changes
induced by the AuNP surface could lead to tubulin–MT aggre-
gation. As the second part of the study, we have checked
whether bare AuNPs could do the same inside the A549 cell. The
observed experimental results such as G0/G1 cell cycle arrest and
western blot showing intracellular aggregation of tubulin (while
actin and GADPH do not show aggregation) hint that bare gold
nanoparticles could cause MT damage-mediated cell cycle
arrest and apoptosis in the lung cancer cell line A549, thus
providing a plausible explanation for the elusive selective
toxicity mechanism of AuNPs in the lung cancer cell line. NMR
and computational studies to nd the specic sites of tubulin
interaction with AuNPs would be carried out in future. Similar
studies may be done with engineered tubulin with green uo-
rescent protein (GFP) to know the in situ interaction in live cells.
Although there are several reports indicating different uptake
pathways of AuNPs, endocytosis plays a prominent role. The
endosomal escape of AuNPs is important to cause the observed
effects, hence cell biological and synthetic vesicles based
studies investigating the bio-physicochemical parameters in
which AuNPs' escape is facilitated would be a future study
coupled with tubulin polymerization and non-endocytotic
delivery experiments, which would help establish the intracel-
lular tubulin aggregation mechanism. Removal of exocytosed
AuNPs and quantication of endocytosed particles would also
play a signicant role in explaining the observed effect in future
along with cell-cycle and cell-recovery based studies. We believe
that this study offers a new insight into AuNP toxicity and would
Nanoscale
be useful in cancer therapeutics (where independent activity of
AuNPs or the potential of AuNPs in synergy with MT cancer
drugs could be harnessed to treat drug resistant lung and other
cancer cells susceptible to AuNPs, since intracellular MT
damaging property of AuNPs may not be resisted by drug
resistant cancer cells) and understanding the safety of
nanomaterials.
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Fig. S1 Extinction spectra of three different sized (20 nm, 40 nm and 60 nm) citrate capped AuNPs 

with corresponding TEM images, namely AuNP20, AuNP40 and AuNP60.   Scale bar for all TEM 

images is 50 nm.  
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  Electronic Supplementary Information 1A: Calculation of molarity of AuNP  

Molarity of AuNPs in solution was calculated using the following formula, 

    
(                                )  (                       )

(                          )
 

    
    
       

 

= ( 6 * 250 * 197 * 7 ) / ( 22 * (40 * 10
-7

)
3
 * 19.3 * 6.023 * 10

23
 ) 

= 2068500 / ( 22 * 64000 * 10
-21

 * 19.3 * 6.023 * 10
23

 ) 

= 2068500 / ( 22 * 64 * 19.3 * 6.023 * 10
5
) 

= 2068500 / (163671.4112 * 10
5
) 

= 12.64 *10
-5

 µM = 126.4 pM which gives molarity of AuNP40 in the stock solution as 126.4 pM.  

Where, 

M = Molarity of Au
3+

 stock in µM 

Ar = Atomic weight of Au in g 

D = Diameter of nanoparticle in cm 

ρ = Density of gold in g/cm
3
 

NA = Avogadro number 

For AuNP40 molarity of stock solution was found to be, 126.4 pM. 
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Electronic Supplementary Information 2 

The extents of polymerization inhibition were around  28.6 ± 2.7%, 40.32 ± 1.7% and 60.47 ± 3.5% 

in presence of AuNP40  at 5, 12.5
 
and 25 pM, respectively (for 30 minutes). Hence the calculated 

IC50 value (i.e. 50% inhibitory concentration) for AuNP40 was 18.6 ± 0.9 pM. 

 

.  

 

 

 Fig. S2 Plot showing the calculation of IC50 concentration of AuNP40 for purified mammalian 

tubulin polymerization. Error in the determination of % polymerization is given in supporting 

information 1. From the above plot (Fig. S2)  we can infer that at the IC50 dose of AuNP40 for 

polymerization inhibition of tubulin (12 µM) is ~18.6 pM and the molar ratio of AuNP40 : tubulin is 

around 1 : 3.16 X 10
5
.   
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Fig. S3 Circular dichroism spectroscopic measurements revealing no significant change in the 

secondary structure of tubulin upon interacting with AuNP40. 
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Electronic Supplementary Information 4 

 

 

Fig. S4  FTIR spectra of microtubule and tubulin (solid black line in A and B) and AuNP40 treated 

tubulin and microtubule (red solid line in A and B).  
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Fig. S5  PL spectra showing the quenching of intrinsic fluorescence of tryptophan upon interaction  

with AuNP40.   
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Fig. S7 Thiol estimation with control and tubulin incubated with AuNP40 at different concentrations. 

Results indicated 3-5% loss of cysteine content per heterodimer.  
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Fig. S7 A) UV-vis spectroscopic study of effect of AuNPs on the polymerized tubulin. After 25 

minutes of polymerization, upon addition AuNPs did not depolymerise the polymerized microtubules 

in vitro, as observed from the spectra (highlighted spectral region with dotted ellipse; the original 

spectra were subtracted with the corresponding scattering spectra of AuNPs for clarity). B) Bar-

diagram showing the percentage of retention of polymerized tubulins with various concentrations of 

AuNP. 
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Fig. S8. Cell viability assay results of A549 cells upon 72 h AuNP40 treatment. The calculated IC50 

value was 29.5±1.7 pM.  
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Fig. S9A. Dark field microscopic (DFM) images of AuNP40. Left side: images a, b and c are DFM 

images of AuNP40 and d is the large area image from which a, b and c were selected. Right side (e): 

the corresponding Plasmon Resonance Raleigh Scattering (PRRS) spectra of nanoparticles: a (blue 

solid line representing AuNP in the image a), b (black solid line representing AuNP in the image b), 

and c (red solid line representing AuNP in the image c). These particles are labelled in images a, b 

and c.  
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Fig. S9B. AuNPs in the aggregated tubulin matrix. Left: images a, b and c are selected area from 

Figure 2D. a is part of tubulin aggregate without nanoparticle, b and c are nanoparticles in the 

aggregated protein matrix. Right (d): the corresponding scattering spectra of a, b and c. a (solid cyan 

line) is the scattering spectra of protein aggregate in the image a and is broad and low in intensity. b 

(solid magenta line) and c (green solid line) are scattering spectra (sharp and high in intensity) of 

nanoparticles in the aggregated protein matrix in the image b and c, respectively. The difference 

between b and c in the scattering peak position may be due to the surrounding environment. The 

particles from which spectra are collected are  labelled. 
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Fig. S8C Scattering from vesicles were observed in the control untreated cells. Left: Images a, b, c 

and d are four selected area images from the topmost image of Figure 6C. Right (e): Corresponding 

scattering spectra of vesicles in a, b, c and d. Here the spectra are broad and lesser in intensity unlike 

those of plasmonic nanoparticles which is a key factor to distinguish nanoparticles from vesicles. 

The vesicles from which spectra are collected are marked.  
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 Fig. S9D. Scattering images and spectra of particles uptaken by AuNP40 treated cells. Left Side: 

Images a, b, c and d are selected area images from the middle image of Figure 6C, showing the 

presence of scattering from AuNPs. Right (e): Corresponding scattering spectra of AuNPs in the 

right side images a (solid blue line representing AuNPs in image a), b (solid red line representing 

AuNPs in image b), c (solid green line representing AuNPs in image c) and d (solid magenta line 

representing AuNPs in image d), respectively. The particles from which spectra are collected are 

marked.  
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Fig. S10 Positive control: Vinblastin (500 nM) treated A549 cells for 24 hours showing microtubule 

damage. Upper panel images show control cells (non-treated). Lower panel images show vinblastin 

treated cells. Nucleus is stained with DAPI (blue) and microtubule is stained with anti-tubulin 

antibody conjugated with TRITC (red). Scale bar is 10 µm.  
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Fig. S11 A) Bar diagram showing  % of  cell viability for the three different sized AuNPs at different 

concentrations at 24 h. B) Bar diagram showing  % of  cell viability for the three different sized 

AuNPs at different concentrations at 48 h  
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Fig. S12 Cell viability assay of MCF-7 after 72 h treatment with AuNP40. The calculated IC50 value 

was 46.4±1.9 pM.  
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Fig. S13 Observation of a similar effect of AuNPs interacting with MCF-7 cells. The cells were 

stained with TRITC against anti-α-tubulin antibody. (A) Control MF7 cells, not treated with AuNPs. 

(B) Treated with 12.5 pM AuNP40, (C) treated with 25.0 pM AuNP40 and (D) treated with 50.0 pM 

AuNP40. Cellular microtubule structure was monitored after 72 h of incubation.      
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ABSTRACT: This report describes the precise and
systematic synthesis of PdAu24 clusters protected with
two types of thiolate ligands (-SR1 and -SR2). It involved
high-resolution separation of metal clusters containing a
distribution of chemical compositions, PdAu24(SR1)18−n-
(SR2)n (n = 0, 1, 2, ..., 18), to individual clusters of specific
n using high-performance liquid chromatography. Similar
high-resolution separation was achieved for a few ligand
combinations as well as clusters with other metal cores,
such as Au25 and Au38. These results demonstrate the
ability to precisely control the chemical composition of
two types of ligands in thiolate-protected mono- and
bimetallic metal clusters. It is expected that greater
functional control of thiolate-protected metal clusters,
their regular arrays, and systematic variation of their
properties can now be achieved.

Small metal clusters (≤2 nm core diameter) are attracting
attention as new functional materials because they have

size-specific physical/chemical properties that are not present in
their corresponding bulk metals. Among these metal clusters,
thiolate-protected metal clusters (Mn(SR)m) have the potential
to be useful materials because they are stable chemical
substances. Since the first report of thiolate-protected gold
clusters (Aun(SR)m) in 1994,1 research on Mn(SR)m has been
pursued across a wide range of fields. Through those studies,
synthetic methodology for the production of metal clusters,
especially Aun(SR)m, has developed rapidly. Multiple high-
resolution size separation methods and techniques for
evaluating chemical composition have been established, and it
is now possible to treat Aun(SR)m as a compound with a well-
defined chemical composition.2−5 Stable clusters (magic
clusters) such as Au25(SR)18, Au38(SR)24, and Au144(SR)60
have been reported,2−5 and methods for size-selective and
bulk-scale synthesis have been established.6−9 Successes in
single-crystal X-ray structure analysis10−13 have clarified the
geometrical structure of Aun(SR)m, and these experimental
results, along with theoretical studies,14 have shown that some
types of Aun(SR)m have optical isomers. Methods have been
established to separate the optical isomers of Au38(SR)24.

15 The
structural rules for stabilizing Aun(SR)m have also been
elucidated,16−19 and design guidelines for producing new stable
clusters are emerging. In addition, a number of reports

describing precise syntheses of silver clusters20−22 and alloy
clusters23−27 have been published. Thus, the science of precise
and efficient synthesis of metal clusters is becoming more
established.
Controlling the chemical composition of the ligands

surrounding the metal core of Mn(SR)m is an effective method
for the functionalization of clusters. Changing the physical/
chemical properties of Mn(SR)m can be accomplished by
replacing some of its ligands with other thiolates.9,28−30 In
addition, conferring or changing functional properties (e.g.,
molecular recognition ability, catalytic activity, or fluorescence
resonance energy transfer)31−33 and forming regular arrange-
ments34 become possible by the introduction of functional
thiolates. However, in cluster synthesis, where multiple types of
thiolates are used as ligands, a distribution of ligands with
varying chemical compositions is formed,35 with a few limited
exceptions.36 Thus, to achieve precise control of the function
and specific arrangement of Mn(SR)m, development of a new
methodology for precisely separating clusters, which also
controls the chemical composition of the ligands, is
needed.37−41

This report describes the precise and systematic creation of
PdAu24 clusters

23,42 with two types of thiolate ligands, -SR1 and
-SR2. This was achieved through the separation of metal
clusters with ligands having a distribution of chemical
compositions using high-performance liquid chromatography
(HPLC). This method is applicable to clusters incorporating
various ligand combinations, as well as to clusters with other
metal cores; therefore, it has broad application potential.
PdAu24 clusters

23,42 protected by two types of thiolate ligands
were synthesized as described in Supporting Information I.
Briefly, PdAu24(SC12H25)18 with dodecanethiolate ligands was
placed in a solution with other thiols (4-tert-butylbenzyl-
mercaptan (BBSH), C6H13SH, C10H21SH, C16H33SH, and
PhC2H4SH) and made to undergo ligand-exchange reac-
tion.9,43−47 For PdAu24 clusters synthesized in this way, the
chemical composition of the ligands had a wide distribution
(Figure 1a).47 For these clusters, the polarities are expected to
be different, depending on the chemical composition of the
ligands. HPLC with a reverse-phase column is an effective
method for separating metal clusters with different polar-
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ities.48−50 We separated PdAu24 clusters having mixed ligands
using various HPLC-based methods.
The high-resolution separation of PdAu24(SC12H25)18−n-

(SBB)n (n = 6−16) is described below, with the distribution
shown in Figure 1a. The separation was accomplished in two
steps (Figure S2). First, all clusters were adsorbed onto the
stationary phase (the column). Methanol, a solvent in which
the clusters were insoluble, was specifically chosen as the
mobile phase. Upon injection of a suspension of the clusters,
they were adsorbed onto the stationary phase. Next, the
adsorbed clusters were eluted slowly from the stationary phase.
To accomplish this, the mobile phase was gradually adjusted
from pure methanol to tetrahydrofuran (THF) using a linear
gradient program (Figure S3). Since PdAu24(SC12H25)18−n-
(SBB)n dissolves in THF, as the concentration ratio of [THF]/
[CH3OH] was increased, PdAu24(SC12H25)18−n(SBB)n gradu-
ally eluted into the mobile phase. Because -SBB (which
incorporates a benzene ring) possesses greater polarity than the
alkyl chain -SC12H25, the PdAu24(SC12H25)18−n(SBB)n contain-
ing a greater amount of -SBB eluted into the mobile phase
faster (i.e., had a shorter retention time). The two steps
described above were the key points to achieving high-
resolution separation of PdAu24(SC12H25)18−n(SBB)n (Figure
S4).
Figure 1b shows the dependence of PdAu24(SC12H25)18−n-

(SBB)n chromatograms on the time required to fully replace
the mobile phase with THF; the label (e.g., [10]) in the figure
indicates that time (in minutes) (also see Figure S3). When the
replacement time was 10 min, a set of peaks was observed
around a retention time of 11.5 min. In this experiment, only a

small gap exists between each peak in a set of peaks, with each
peak displaying a large overlap. Taking a longer time to replace
the mobile phase resulted in slower elution of the clusters into
the mobile phase (i.e., retention time increased). Therefore,
greater peak-to-peak separation was obtained, and peak overlap
gradually diminished (Figure S5). When the replacement time
was set at 40 min or longer, the peaks separated more
completely, and peak distribution looked similar to that of the
corresponding matrix-assisted laser desorption/ionization
(MALDI) mass spectrum (Figures 1a and S6). The
fractionation of each peak followed by mass spectrometry
analysis revealed that each peak contained clusters with only
one chemical composition (Figure S7). Thus, using this
method, PdAu24(SC12H25)18−n(SBB)n clusters with ligands of
different chemical compositions were separated with high
resolution (Figure S8). Similar separation/fractionation experi-
ments were conducted on PdAu24(SC12H25)18−n(SBB)n with
various ligand distributions (Figure S9a). Results demonstrated
that each distribution was separated into clusters with
individual compositions with high resolution (Figure S9b),
and all ligand combinations of PdAu24(SC12H25)18−n(SBB)n (n
= 0−18) were isolated with high purity (Figure 2); the purity of

each separated cluster, estimated from the mass spectrum
(Figure 2), was >95%. In this way, the precise and systematic
synthesis and separation of PdAu24(SC12H25)18−n(SBB)n (n = 0,
1, 2, ..., 18) protected by two types of thiolate ligands was
achieved for the first time (Figure S10).
To investigate the versatility of this separation method,

similar experiments were conducted using PdAu24 clusters with
combinations of other ligands. PdAu24(SC12H25)18−n-
(SC2H4Ph)n (Figures 3a,b and S11) and PdAu24(SC12H25)18−n-
(SC6H13)n (Figure S12) underwent similar high-resolution

Figure 1. (a) Negative-ion MALDI mass spectrum of
PdAu24(SC12H25)18−n(SBB)n (n = 6−16). The asterisk indicates
l a s e r - i n du c ed f r a gmen t s . 3 5 ( b ) Ch roma to g r ams o f
PdAu24(SC12H25)18−n(SBB)n (n = 6−16) at each gradient program
(see the text). The peak observed at 3.0 min was confirmed to be due
to the solvent, THF.

Figure 2. Negative-ion MALDI mass spectra of each cluster of
composition PdAu24(SC12H25)18−n(SBB)n (n = 0−18), isolated in this
work. The asterisks indicate laser-induced fragments.
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separations.51 This indicates that the procedure used in the
present study is applicable to systems with other ligand
combinations also. By using -SC12H25 with -SC2H4Ph and
-SC12H25 with -SC6H13, which possess significant differences in
relative polarity between them, we ensured that the
composition of the ligands affected the solubility of the cluster
in the solvent of choice (i.e., mobile phase). Because of this
effect, high-resolution separation of PdAu24 clusters with
combinations of these ligands occurred under the conditions
examined in this study. In contrast, for clusters with ligand
combinations having smaller polarity differences, PdAu24-
(SC12H25)18−n(SC10H21)n and PdAu24(SC12H25)18−n(SC16H33)n,
the chromatograms did not show clear separation (Figures S13
and S14). This suggests that the precise separation of metal
clusters protected by two types of thiolates requires a moderate
polarity difference between the two ligand types.
When appropriate ligands were combined, similar high-

resolution separation also was achieved for Au25 clusters as well
as Au38 clusters (Figures 3c−f, S15, and S16; samples were
prepared as given in Supporting Information I). Thus, the
procedure described in this report is effective regardless of the
size or composition of the metal core, indicating its broad
applicability. The peak resolution and separation of Au25-
(SC12H25)18−n(SC2H4Ph)n were not as sharp as for PdAu24-
(SC12H25)18−n(SC2H4Ph)n. Au25(SR)18 was synthesized in its
negative-ion form [Au25(SR)18]

−, but reports have indicated
that [Au25(SR)18]

− is oxidized when left in solution, becoming
the neutral species [Au25(SR)18]

0.52 For Au25(SC12H25)18−n-
(SC2H4Ph)n, this type of distribution of charge states occurs, so
an unclear separation of peaks is predicted. In addition, a slight
difference in structure exists between Au25(SR)18 and
PdAu24(SR)18; the latter is slightly skewed compared to the
former.23 It is possible that this difference in structure is also
associated with the difference in the number of coordination
isomers.51 This could be the reason for the broadness and
unclear separation of peaks of Au25(SC12H25)18−n(SC2H4Ph)n.
For Au38(SC12H25)24−n(SC2H4Ph)n, the broadness and unclear
separation are likely to be due to the difference in the number
of the coordination isomers in addition to the existence of
optical isomers.15,41

Finally, although a linear gradient program (Figure S3) was
chosen for the experiments described here, the gradient need
not necessarily be linear for conducting this type of high-
resolution separation. A program that allows each cluster to
elute at equivalent intervals will produce a chromatogram that
has a shape very similar to the mass spectrum (Figure S17),
thus confirming separation of the clusters and making an
investigation of the conditions required for separation easier.
In conclusion, the precise and systematic synthesis of metal

clusters with two types of thiolate ligands was achieved for the
first time. This method has broad applicability and shows
potential for use as a basic technology for the study of metal
clusters. This study demonstrated the ability to precisely
control the chemical compositions of metal clusters with two
types of ligands. The results imply that control of the physical/
chemical properties of thiolate-protected metal clusters could
be achieved at a higher level than previously possible. In
addition, information about ligand-exchange effects on the
electronic structure of a cluster could be obtained (Figure S10),
leading to a deeper understanding of the interactions between
the metal core and the ligands53 and those between the ligands
themselves. The results presented imply that structural isomers

Figure 3. Comparison between the MALDI mass spectrum and
chromatogram for (a,b) PdAu24(SC12H25)18−n(SC2H4Ph)n, (c,d)
Au25(SC12H25)18−n(SC2H4Ph)n, and (e,f) Au38(SC12H25)24−n-
(SC2H4Ph)n. MALDI mass spectra (a), (c), and (e) were observed
in negative, negative, and positive ion modes, respectively. In (a,b),
(c,d), and (e,f), the same color indicates the same sample. The fine
structures appearing in the chromatograms (especially (b)) are
presumed to be due to the coordination isomers.51 In (e), peaks
which are not assigned to Au38(SC12H25)24−n(SC2H4Ph)n are due to
laser-induced fragments.
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of clusters with mixed ligands are possible, and investigations of
their structure and properties pose challenges for the future.
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Supporting Information I  
Experimental Methods 
A. Chemicals 
 All chemicals were obtained commercially and used without further purification. Hydrogen 
tetrachloroaurate tetrahydrate (HAuCl4⋅4H2O) was obtained from Tanaka Kikinzoku. Palladium sodium chloride 
trihydride (Na2PdCl4⋅3H2O), tetraoctylammonium bromide ((C8H17)4NBr), sodium tetrahydroborate (NaBH4), 
hexanethiol (C6H13SH), decanethiol (C10H21SH), dodecanethiol (C12H25SH), hexadecanethiol (C16H33SH), 
methanol (CH3OH), acetone, toluene, dichloromethane (CH2Cl2), and tetrahydrofuran (THF) were obtained from 
Wako Pure Chemical Industries. 2-Phenylethanethiol (PhC2H4SH) was purchased from Tokyo Kasei. The 
4-(tert-butyl)benzyl mercaptan (BBSH, Scheme S1) were purchased from Aldrich. The matrix, 
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) was purchased from Fluka. 
Deionized water with a resistivity > 18.2 MΩ cm was used. 

B. Synthesis of PdAu24(SC12H25)18, Au25(SC12H25)18, and Au38(SC12H25)24   
 PdAu24(SC12H25)18 (Fig. S1(a)), Au25(SC12H25)18 (Fig. S1(b)) and Au38(SC12H25)24 (Fig. S1(c)) were synthesized 
by methods reported previously.1–3 
 

 
Scheme S1 Molecular structure of 4-(tert-butyl)benzyl mercaptan (BBSH) 

 
 
Figure S1. Structural representation of thiolate-protected metal clusters; (a) PdAu24(SR)18 (Ref. 1); (b) 
Au25(SR)18 (Refs. 4 and 5); and (c) Au38(SR)24 (Ref. 6) (The R moieties are omitted for clarity.) 
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C. Ligand exchange reactions 
An amount of 0.14 µmol of PdAu24(SC12H25)18, Au25(SC12H25)18, or Au38(SC12H25)24 was dissolved in 500 µL 

of dichloromethane. To this solution, 140 µmol of BBSH, CnH2n+1SH (n = 6, 10, or 16), or PhC2H4SH was added and 
the solution was stirred at room temperature. The reaction was stopped at specific time duration. The solution was 
washed with a mixture of methanol and water to remove excess thiols, and the product was characterized by 
matrix-assisted laser desorption-ionization (MALDI) mass spectrometry. The PdAu24, Au25, or Au38 clusters with 
various chemical compositions were synthesized by changing the reaction time.7 
 
D. HPLC experiments using a reverse-phase column 

HPLC experiments were conducted on a Shimadzu instrument consisting of a CBM-20A controller, 
DGU-20AR on-line degasser, LC-20AD pump, SIL-20A auto-sampler, CTO-20A column oven, and SPD-M20A 
photodiode array (PDA) detector at IIT Madras or a Waters instrument consisting of a 600E controller, 486 tunable 
absorption detector, and 625 pump at Tokyo University of Science. The stainless steel column (250 × 4.6 mm i.d.) 
packed with 5-µm C18 bonded silica with 300-Å pore size (Theromo Scientific) was used as the reverse-phase column. 
This column is suitable for the separation of molecules with different polarity and is different from that used by Bürgi 
et al. for the separation of enantiomers of Au38(SC2H4Ph)24 (Refs. 8-10). Column temperature was 25 °C. The 
absorbance chromatogram was monitored by the PDA at 380 nm. The absorption spectra of the eluted peaks were 
collected over 190–800 nm by the PDA. Each sample was first diluted in THF (0.1 mg/5 µL) and then suspended in 
solution by adding 45 µL of CH3OH. Then, 40 µL of the sample suspension was injected into the instrument with a 
mobile phase of methanol (CH3OH) at a flow rate of 1 mL/min. After sample injection, the amount of THF in the 
mobile phase was continuously increased using a gradient program that increased the [THF]/[CH3OH] ratio of the 
mobile phase from 0% to 100% (Figure S3). After analysis, the chromatogram was corrected by subtracting the 
background measured without a sample. Similar experiments were performed with the following two columns; a 
stainless steel column (250 × 4.6 mm i.d.) packed with 5-µm C8 bonded silica with 130-Å pore size (Theromo 
Scientific), and a stainless steel column (150 × 4.6 mm i.d.) packed with 5-µm phenyl bonded silica with 130-Å pore 
size (Theromo Scientific). However, the separations of the peaks were poorer under these conditions. 

  
D. Characterization of chemical composition 

MALDI mass spectra were collected using a linear time-of-flight mass spectrometer (Applied Biosystems, 
Voyager Linear RD VDA 500) with a nitrogen laser (wavelength: 337 nm). Measurements were also done with a 
reflectron time-of-flight mass spectrometer (Applied Biosystems, Voyager DE PRO) at IIT Madras. DCTB was used 
as the matrix.8 The cluster-to-matrix ratio was set to be 1:1000. 
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Supporting Information II 

Results 

 

 

Figure S2. Schematic view of the concept for the high-resolution separation of metal clusters containing 
two types of thiolates by HPLC involving a reverse-phase column and mobile phase gradient. 
 

 
 
Figure S3. Linear gradient programs used for the high-resolution separation of 
PdAu24(SC12H25)18-n(SBB)n (n = 6-16) (Figure 1(b)). The label (e.g., [10]) in the figure indicates the time 
(in minutes) taken to fully replace the mobile phase with THF. The program [40] was used as the 
gradient program for the high-resolution separation for all of the clusters. 
 



 S4 

 
 

 
 
Figure S4. HPLC experiments conducted in an isocratic mode. In these experiments, the mobile phase 
was fixed to [THF]:[CH3OH] = 100:0, 90:10, 80:20, 70:30, 60:40, or 50:50. (a) Negative ion MALDI 
mass spectrum of PdAu24(SC12H25)18-n(SBB)n (n = 11–18) used in these experiments. (b) 
Chromatograms of PdAu24(SC12H25)18-n(SBB)n (n = 11–18) at each mobile phase. The peaks appearing 
at 2.3–2.7 min were confirmed to include PdAu24(SC12H25)18-n(SBB)n (n = 11–18). An increase in the 
concentration of CH3OH promoted the interaction between PdAu24(SC12H25)18-n(SBB)n and the 
stationary phase (column). Therefore, peak separations were observed when the concentration of 
CH3OH was increased to 40 and 50 v/v% (enlarged spectra). However, even under those conditions, 
most of PdAu24(SC12H25)18-n(SBB)n was not fixed to the stationary phase (column) and was eluted at 
2.3–2.7 min. A further increase in concentration of CH3OH (> 50 v/v%) resulted in the disappearance of 
the separated peaks. These results indicate that separating all of the clusters is difficult in isocratic 
mode. Thus, all the clusters must have to be once fixed on the stationary phase for the separation of all 
the clusters. 
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Figure S5. Enlarged chromatograms at each gradient condition. In this figure, the chromatograms are 
normalized in vertical axis and therefore, the horizontal axis is in arbitrary units. An increase in 
retention time (Figure 1(b)) resulted in better peak separation under the experimental conditions between 
[10] and [40]. However, the improvement in resolution was no longer observed at longer retention times 
(> [40]).  

 
 
Figure S6. Comparison between the (a) Negative ion MALDI mass spectrum and (b) chromatogram of 
PdAu24(SC12H25)18-n(SBB)n (n = 6–16) (Figure 1(a)). The chromatogram was obtained using a gradient 
program, [40]. In the mass spectrum, the asterisk indicates the laser fragments.11 The shape of the 
chromatogram is similar to that of the mass spectrum. Each peak in the chromatogram was fractionated 
(fractions 1–11) and characterized by MALDI mass spectrometry (see Figure S7). 
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Figure S7. Negative ion MALDI mass spectra of 1–11 (Figure S6(a)). The asterisk indicates the laser 
fragments. These results indicate that peaks 1–11 contained only a single PdAu24(SC12H25)18-n(SBB)n 
and that PdAu24(SC12H25)18-n(SBB)n could be separated at high resolution depending on the chemical 
composition. 
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Figure S8. Stability of the isolated PdAu24(SC12H25)(SBB)17 in CH2Cl2 followed by MALDI mass 
spectrometry. In this experiment, 0.28 mM of PdAu24(SC12H25)(SBB)17 was diluted in 125 µL of 
CH2Cl2 and left at room temperature. At each time point, a small quantity of the solution was taken and 
characterized by MALDI mass spectrometry. Results indicated that the isolated 
PdAu24(SC12H25)(SBB)17 maintains a chemical composition for at least 4 hours.7 
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Figure S9. Comparison between (a) Negative ion MALDI mass spectra and (b) chromatograms for 
PdAu24(SC12H25)18-n(SBB)n. The same color indicates the same sample in (a) and (b). A linear gradient 
program, [40] (Figure S3), was used for these HPLC experiments. In (a), the laser fragment peaks11 also 
are included (Figures 1(a) and S6(b)). In (b), each peak is labeled with the chemical compositions that 
were assigned by the mass analysis of each fraction (Figure 2).  
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Figure S10. Optical absorption spectra of the isolated PdAu24(SC12H25)18-n(SBB)n (n = 0–18) obtained 
by the PDA detector. All the spectra were normalized at 670 nm. All of the spectra are nearly similar. 
However, close comparison indicated that the spectral features are slightly different depending on the 
chemical composition. 
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Figure S11. (a) Negative ion MALDI mass spectrum of PdAu24(SC12H25)18-n(SC2H4Ph)n (n = 14–18). 
(b) Chromatograms of these clusters. (c) Negative ion MALDI mass spectra of the fractions of each 
peak appearing in the chromatogram, 1’–5’. These results indicate that each peak, 1’–5’, contains a 
single PdAu24(SC12H25)18-n(SC2H4Ph)n in high purity and that PdAu24(SC12H25)18-n(SC2H4Ph)n clusters 
were separated at high resolution depending on the chemical composition. 
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Figure S12. Comparison between the (a) Negative ion MALDI mass spectrum and (b) chromatogram 
of PdAu24(SC12H25)18-n(SC6H13)n. In (a) and (b), the same color indicates the same sample. A linear 
gradient program, [40] (Figure S3), was used for these HPLC experiments. 
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Figure S13. Comparison between the (a) Negative ion MALDI mass spectrum and (b) chromatogram 
for PdAu24(SC12H25)18-n(SC10H21)n. In (a) and (b), the same color indicates the same sample. A linear 
gradient program, [40] (Figure S3), was used for these HPLC experiments. 
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Figure S14. Comparison between the (a) Negative ion MALDI mass spectrum and (b) chromatogram 
for PdAu24(SC12H25)18-n(SC16H33)n. A linear gradient program, [40] (Figure S3), was used in this 
HPLC experiment. 
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Figure S15. (a) Negative ion MALDI mass spectrum of Au25(SC12H25)18-n(SC2H4Ph)n (n = 14–18). (b) 
chromatogram of these clusters. (c) Negative ion MALDI mass spectra of the fractions of each peak 
section appeared in the chromatogram, 1’’–5’’. These results indicate that each peak section, 1’’–5’’, 
contains a single Au25(SC12H25)18-n(SC2H4Ph)n in high purity and that Au25(SC12H25)18-n(SC2H4Ph)n 
clusters were separated at high resolution depending on the chemical composition. 
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Figure S16. (a) Positive ion MALDI mass spectrum of Au38(SC12H25)24-n(SC2H4Ph)n (n = 18–24). (b) 
Chromatograms of these clusters. (c) Positive ion MALDI mass spectra of the fractions of each peak 
appearing in the chromatogram, 1’’’–7’’’. These results indicate that each peak, 1’’’–7’’’, contains a 
single Au38(SC12H25)24-n(SC2H4Ph)n at high purity and that Au38(SC12H25)24-n(SC2H4Ph)n clusters were 
separated at high resolution depending on the chemical composition. 
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Figure S17. Chromatogram of a mixture of PdAu24(SC12H25)18-n(SBB)n (n = 0–18) observed with a 
mobile phase gradient program different from that used in this work. This gradient program was 
composed of a combination of a linear line and a curved line. PdAu24(SC12H25)18-n(SBB)n with a broad 
distribution (n = 0–18) was prepared by mixing several PdAu24(SC12H25)18-n(SBB)n clusters with 
different distributions. In this chromatogram, each peak progresses at nearly regular intervals. This 
peak pattern is consistent with that observed in the mass spectrum. This makes conformation of the 
separation of each cluster easy and allows an estimate of the abundance ratio of each cluster. 
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Creation of affordable materials for constant release of silver ions in
water is one of the most promising ways to provide microbially safe
drinking water for all. Combining the capacity of diverse nano-
composites to scavenge toxic species such as arsenic, lead, and
other contaminants along with the above capability can result in
affordable, all-inclusive drinking water purifiers that can function
without electricity. The critical problem in achieving this is the
synthesis of stable materials that can release silver ions contin-
uously in the presence of complex species usually present in
drinking water that deposit and cause scaling on nanomaterial
surfaces. Here we show that such constant release materials can
be synthesized in a simple and effective fashion in water itself with-
out the use of electrical power. The nanocomposite exhibits river
sand-like properties, such as higher shear strength in loose and wet
forms. These materials have been used to develop an affordable
water purifier to deliver clean drinking water at US $2.5/y per fam-
ily. The ability to prepare nanostructured compositions at near
ambient temperature has wide relevance for adsorption-based
water purification.

hybrid | green | appropriate technology | frugal science | developing world

Safe drinking water is a significant, but simple indicator of
development. Its availability at point of use can save over 2

million human lives (1) (of the 3.575 million deaths caused by
water, sanitation, and hygiene issues, 42.6% are due to diarrhea
alone: 3.575 million × 0.426 = 1.523 million lives), can avoid over 2
billion diarrheal infections (2), and can contribute over $4 billion to
the global gross domestic product (3) (formula used: Σ (number of
deaths attributed to diarrhea in each country × corresponding
country’s per capita gross domestic product). Considering the
challenges associated with traditional disinfectants (4), solutions
based on state-of-the-art science and technology hold the key for
safe drinking water (5) and novel approaches are being looked at
(6, 7). It has been long known that silver, especially in nanoparticle
form, is an effective disinfectant and works for a wide spectrum of
bacteria and viruses (8, 9). Numerous approaches are available for
the synthesis of biocidal silver nanoparticles or colloids, including
the use of matrices (10–12). The biocidal property of silver nano-
particles, usually in the size range of 10–20 nm, is attributed to the
release of trace quantities of silver ions in water (13–16), which,
although being sufficient for microorganism killing, does not exhibit
toxicity to humans (17, 18). [Toxicity due to silver nanoparticles
themselves is also known (16)]. Although a number of silver-based
biocidal compositions have been synthesized, those have not been
able to reach the masses in large volumes (e.g., silver nanoparticle-
loaded ceramic candles) (19). Massive deployment has been ham-
pered due to the following reasons: (a) Drinking water contains
many species (e.g., inorganic ions and organics) that anchor on the
surface of the nanoparticles, making sustained silver ion release
difficult (15); (b) suitable anchoring substrates that limit the scaling
of nanoparticle surfaces while simultaneously preventing their

release into water are not available; and (c) continued retention
of the nanoparticles in the matrix is difficult.
In this work, we demonstrate a unique family of nanocrystalline

metal oxyhydroxide-chitosan granular composite materials pre-
pared at near room temperature through an aqueous route. The
origin of crystallinity in the composition is attributed to abundant -O-
and -OH functional groups on chitosan, which help in the crys-
tallization of metal oxyhydroxide and also ensure strong covalent
binding of the nanoparticle surface to the matrix. X-ray photo-
electron spectroscopy (XPS) confirms that the composition is rich
with surface hydroxyl groups. Using hyperspectral imaging, the
absence of nanoparticle leaching in the water was confirmed.
Further, a unique scheme to reactivate the silver nanoparticle
surface is used for continual antimicrobial activity in drinking
waters. Several other composites have been developed that can
scavenge other contaminants in water. We demonstrate an af-
fordable water purification device based on such composites de-
veloped over several years and undergoing field trials in India, as
a potential solution for widespread eradication of the waterborne
disease burden.

Results and Discussion
The antimicrobial composition consists of an aluminum oxy-
hydroxide–chitosan composite (referred to as BM) with silver par-
ticles of 10–20 nm diameter embedded in it (Fig. 1A and SI
Appendix, Fig. S1) and is capable of sustained release of silver ions
[40 ± 10 parts per billion (ppb)] in natural drinking water over an
extended volume of water passing through it, to achieve effective
removal of microorganisms (SI Appendix, Fig. S2; see Fig. 3C). The
antimicrobial composite (referred to as Ag-BM) is unique as it is
made in water at near room temperature, using a biopolymer, and
dried in ambient conditions to obtain water-insoluble granules,
yielding Na2SO4 as the major by-product (>90%), thereby making
it a green synthesis. The concentration of silver ion leached into
drinking water from the prepared composite at relevant temper-
atures (5–35 °C) (SI Appendix, Fig. S3) is significantly less than the
maximum permissible limit of 100 ppb (secondary standard, US
Environmental Protection Agency), thereby requiring no secondary
filtration to remove excess silver ions. This controlled release at
temperatures of relevance to drinking-water applications over ex-
tended periods is an important advantage of the composite. X-ray
diffraction patterns of BM and Ag-BM show the presence of
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nanocrystalline AlOOH of mean crystallite size of 3.5 nm calcu-
lated from the Scherrer formula (SI Appendix, Fig. S4).
High-resolution electron micrographs show that the silver nano-

particles are trapped within the AlOOH–chitosan cages, which
allow them to be preserved with reduced contact with scale-
forming chemical species, yet allowing sufficient interaction
with water, due to which sustained release of Ag+ is possible (Fig.
1A and SI Appendix, Figs. S1 and S5). The inorganic cages formed
by AlOOH are seen as dark lines of 3–4 nm thickness in the
transmission electron microscopy (TEM) image and are held to-
gether by the chitosan matrix (see below for a discussion of the
materials). The nanoparticles are small enough to release Ag+ and
are single crystalline (Fig. 1A, Inset). This uniformity and reduced
particle size are difficult to achieve for silver in a fast, aqueous-
phase synthesis.
The composite was tested for antibacterial activity in batch mode

(Materials and Methods) for more than 400 trials continuously and it
exhibited a cyclic pattern of antibacterial action in natural drinking
water (Fig. 1B). A typical cycle (number of trials: 10th–140th)
represents antibacterial performance of Ag-BM at its peak, fol-
lowed by a drop in performance due to a gradual decrease in Ag+

release, resulting in an increase in bacterial count in the output
water, and finally after reactivation (regaining the ability to leach
silver ions) an immediate recovery of performance where Ag+ re-
lease is back to normal (40 ± 10 ppb, Fig. 1C).
The concept of reactivation is an important reason behind Ag-

BM’s long-lasting antimicrobial performance. As seen in Fig. 1B,
the performance of Ag-BM drops after a certain number of trials
(60 trials) due to its continuous exposure to scalants present in
water, even though the silver content within the BM matrix is still
significant. This drop in performance is explained by studying the
XPS of the spent Ag-BM, where the Ag 3d5/2 peak is at a reduced
intensity in comparison with the initial composite (Fig. 1D).
Factors such as deposition of sparingly soluble species, principally
in the form of CaCO3 and silicate precursors, are responsible for
the partial filling of the composite with a thin layer of scalants,
reducing silver release. The existence of Ca 2p and Si 2p peaks in
the XPS spectra of spent Ag-BM proves this (Fig. 1D, Inset and SI

Appendix, Fig. S6). SEM-EDAX elemental imaging and spectra
also support the presence of deposits containing Ca and Si (SI
Appendix, Fig. S7). Surface imaging by atomic force microscopy
(AFM) shows increased inhomogeneity in the saturated Ag-BM
(SI Appendix, Fig. S8). The proof of scaling is further sub-
stantiated by trials done in natural drinking water and ultrapure
water (resistivity: 18 MΩ.cm). In natural drinking water, Ag-BM
is subjected to deposition of sparingly soluble species, which limits
its efficacy after a period; whereas, due to the nonexistence of
these species in ultrapure water, the life of the composite is pro-
longed and is almost indefinite (SIAppendix, Fig. S9). Additionally,
the antibacterial efficacy of Ag-BM was tested under prevalent
water quality parameters of total dissolved solids (TDS), pH, and
total organic carbon (TOC) and performance of the composite was
acceptable (SI Appendix, Fig. S10). Of the several methods tested,
the simplest, most effective, and field implementable one for
regaining Ag+ release is incubating the inactive Ag-BM in water
[deionized water or natural drinking water (SI Appendix, Fig. S11)]
at 70–100 °C for 3–4 h. In a batch experiment, when a finite bac-
terial colony count (10–50 CFU/mL) was observed in the output,
the trials were continued a few more times to ensure the drop in
performance and thereafter, the composite was reactivated. The
number of trials that can be done after every reactivation slowly
reduces with increasing trials. Acid-digested initial Ag-BM
showed 0.432% silver by weight, and after 450 trials, it reduced to
0.306%, which corresponds to 71% of Ag still left in the BM
matrix. Theoretically, leaching of 29% silver amounts to an av-
erage concentration of 50 ppb over 500 batch trials, using 2 g
composite. The tests were stopped after 450 trials and Ag-BMwas
not reactivated further, although the same method may be con-
tinued. Innovative reactivation methods may also be used, not
limited to the heat treatment method alone (SI Appendix, Fig.
S12). By using diluted lemon juice, readily available in every
home, further reactivation can be done, possibly until the com-
posite gets exhausted completely, i.e., when requisite silver ions
cannot be released from the matrix any further.
The composite was tested for antiviral activity in batch mode

(Materials and Methods) for more than 200 trials continuously in

Fig. 1. Characterization of composite and exhibits
of its unique antimicrobial activity. (A) Transmission
electron micrograph of Ag-BM. The composite ma-
trix appears as nanosheets of 3- to 4-nm thickness
and the embedded nanoparticles are seen as dots.
Some sheets and particles are indicated by circles.
The matrix made of the boehmite–chitosan acts like
a cage in which the nanoparticles are trapped. The
particle sizes are much smaller than those of a typical
aqueous phase synthesis. Inset shows an expanded
view of one particle. (B) Bacterial load measured in
water as a function of batch upon spiking 105 CFU/
mL of E. coli. Red bars indicate the point of reac-
tivation. (C) Silver ion concentration measured by
ICP-MS (blue trace) and corresponding bacterial
count in CFU/mL for one of the cycles (number of
trials: 40th–140th) (red trace) from batch measure-
ments. (D) X-ray photoemission spectra of initial (red
trace), saturated (blue trace), and reactivated (pink
trace) composites in the Ag 3d region and the Ca 2p
region (Inset). The intensity of Ca 2p (Inset) is weak
as the coating is thin. The reactivated composite
shows an increased Ag 3d intensity due to removal
of scale-forming species and better exposure of the
nanoparticle surface.
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natural drinking water. The antiviral performance is similar to the
antibacterial performance. When the performance deteriorates,
the activity is regained after reactivation (SI Appendix, Fig. S13).
When a nanocomposite-based approach is used for drinking-

water purification, the possibility of nanoparticle release in drinking
water exists. To confirm the effective trapping of nanoparticles in
the matrix and absence of any observable nanoparticle release in
water, dark-field microscopy was done on the bacteria. Micro-
scopic images (Fig. 2 and SI Appendix, Figs. S14 and S15) show
that although nanoparticles are seen within the bacterial contour
of citrate-protected Ag nanoparticle-treated bacterial cells, no
nanoparticle is seen in bacterial cells treated with Ag-BM.
However, lysis is observed in both cases as observed in the dis-
continuity of the cell membrane (Fig. 2 B and C and 2 D and E,
Insets). The hyperspectral images of bacterial cells treated with
citrate-protected Ag nanoparticles show distinct size-dependent
surface plasmon features of the nanoparticles (Fig. 2D) that are
absent in the case of Ag-BM–treated bacterial cells (Fig. 2E). The
data conclusively established that silver ions released from
Ag-BM are responsible for the antibacterial activity and there is
no observable nanoparticle release in water. It is also confirmed
that during the interaction of water with the composition,
AlOOH–chitosan does not undergo dissolution; aluminum re-
lease in water is less than 6 ppb (aluminum secondary standard:
50–200 ppb, US Environmental Protection Agency) and total
organic carbon is nearly 0.1 ppm (SI Appendix, Fig. S16). In-
dependent spectroscopic measurements of Ag-BM–treated wa-
ter samples and the cyclic nature of antibacterial performance
also support this. The antibacterial activity of Ag-BM was also
shown by fluorescence microscopy study of treated bacteria
where a mixture of nucleic acid-binding fluorescent dyes [green
fluorescent SYTO9 dye and red fluorescent propidium iodide
(PI) dye] were used (SI Appendix, Fig. S17).
A water purification device (Fig. 3 A and B) containing 50 g of

Ag-BM in cartridge form was assessed for performance under
standard test conditions. This filter ran up to 1,500 L with a bacte-
rial input load of 105 CFU/mL without the need for reactivation

(Fig. 3C and SI Appendix, Fig. S2). Therefore, by using 120 g
composite, safe drinking water can be provided for a family of five
for 1 y (assuming daily drinking water consumption of 10 L). This
translates to an annual expense of $2 per family. (Cost of media,
sediment prefilter, plastic assembly, and cartridge packing are in-
cluded in the cost calculation.) By reactivating this composite, the
life of the cartridge can be enhanced further, thereby reducing the
cost. The water purification device has a second-stage axial filtra-
tion based on an activated carbon block (Fig. 3A) with a nominal
pore size of <4 μm, which enables it to remove cysts through
physical filtration, and the cyst removal capacity is higher than 5 log
(input count, 106 particles per liter; output count, <3 particles per
liter), in accord with the National Science Foundation (NSF)
protocol P231 (SI Appendix, Fig. S18). The carbon block has an
additional function of removing any organic and bacterial biomass
as well, besides removing traces of silver ions or silver bound with
microbial debris. However, residual silver ion content may be ad-
vantageous in some cases to prevent microbial contamination in
water upon storage as well as to prevent bio-fouling of the com-
posite during periods of nonuse.
Considering the fact that some parts of the world have severe

chemical contamination in ground water (20), causing life-threat-
ening diseases, suitable unique composites may be packed into the
carbon filter to remove harmful chemical contaminants such as
arsenic, pesticides, mercury, lead, iron, etc., so that chemically and
microbiologically pure water is obtained, depending on the region
of use. Composite preparation at room temperature is crucial for
addressing health-related contaminants as the method preserves
active adsorption sites (for example, surface hydroxyl groups un-
dergo dehydration on exposure to higher temperature).
For example, to remove iron, 100 g iron oxyhydroxide–chitosan

composite (Materials and Methods) was taken. Feed water con-
taining freshly prepared 5 ± 1 ppm of Fe2+ was passed through the
composite at a flow rate of 50mL/min. The output water was tested
for both Fe3+ and Fe2+ by spectrophotometric methods. The
column was run for 1,500 L and the output concentration was con-
sistently below 0.3 ppm, thereby adhering to the World Health

Fig. 2. Microscopic examination of bacterial lysis through dark-
field and hyperspectral imaging. (A–C) Dark-field microscopy
images of bacteria in water, bacteria treated with citrate-
protected Ag nanoparticles, and bacteria treated with Ag-BM,
respectively. (A) Continuous bacterial contour. (B) Nanoparticles
within and outside the bacterial contour, which are seen as
bright dots. (C) Discontinuous bacterial contour with the ab-
sence of nanoparticles from Ag-BM. (D) Scattering spectra of
single nanoparticles embedded in the bacterial contour. (Inset)
Hyperspectral image from which the spectra are taken. The
spectral traces and the arrows correspond to the same particles.
(E) Scattering spectra of lysed bacterial border after treating
with Ag-BM. Inset shows the hyperspectral image of a bacte-
rium treated with Ag-BM. The color of the traces and the points
from which spectra are collected (shown by arrows) are the
same. Blue and green traces in E are nearly the same, indicating
that the lysed regions appear like background. Lysis is shown by
white circles in the images in D and E. (Scale bars in all images:
2 μm.) Scattering from nanoparticles is approximately an order
of magnitude larger compared with the bacterial contour.
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Organization (WHO) norms (Fig. 3D). Similarly, to remove lead,
50 g of nano-MnO2–loadedBMcomposite was packed in a column
and fed with 1,500 L of water spiked with 150± 10 ppb of Pb2+. The
total concentration of lead in the output water (Pb exists in ionized
as well as hydrolyzed form at the pH of drinking water), measured
by inductively coupled plasma mass spectrometry (ICP-MS), was
consistently below 10 ± 1 ppb, adhering to the WHO norms (Fig.
3E). Additionally, arsenic mitigation from drinking water was ef-
fectively carried out using iron oxyhydroxide–chitosan composite.
Twenty grams of granular composite was packed in a column and
fed with 400 L of water spikedwith 1 ppm of arsenic (As5+) at a flow
rate of 50 mL/min. Total arsenic concentration in the output water,
measured by ICP-MS, was less than 10 ppb, below the permissible
limit (Fig. 3F). Similar performance was seen with an input As3+

concentration of 1 ppm. Please note that the input concentrations
were the maximum concentrations usually encountered in the field.
The carbon block shown in Fig. 3 A and B may also be used as
a multilayer axial block, comprising the above adsorbents for spe-
cific regional contaminants such as arsenic, iron, and lead.
To use the composition in a water purification cartridge, it is

important that it has satisfactory wet strength to stay intact as
a granular composition. Compositions that are obtained as pow-
ders offer poor hydraulic conductivity, leading to excessive pres-
sure drop in the water purification cartridge operated with gravity
pressure. To find the shear strength of the granular media, a direct
shear test was conducted at different normal stresses. The maxi-
mum horizontal shear stress exhibited by the iron oxyhydroxide–
chitosan composite under each normal stress is shown in SI Ap-
pendix, Fig. S19 A and B. These data are plotted in SI Appendix,

Fig. S20 A and B. Straight-line approximation of the Mohr–Cou-
lomb failure pattern gave the angle of internal friction (Φ) to be
41.76° and 44.07° for dry and wet media, respectively, showing that
the prepared granular media’s shear strength is equivalent to that
of the Indian standard sand (∼35–40°). The compressive strength
of the iron oxyhydroxide–chitosan composite was found to be 25
MPa, comparable to that of concrete.
The essence of the approach to prepare the composition is de-

scribed graphically in Fig. 4. Al3+-complexed chitosan solution
(pH 0.8) was treated with an alkali (Fig. 4 A, ii). Alkali treatment
initiates aluminum ion hydrolysis (leading to the formation of
aluminum hydroxide nanoparticles) followed by chitosan pre-
cipitation (random coiledwater-insoluble chitosan network) (Fig. 4
A, iii). Fig. 4B shows photographs of aluminum hydroxide in the
dispersed form at a solution pH 4–6 and settled residue of alumi-
num hydroxide–chitosan at pH 7 and above. Generally, Al3+ upon
alkaline hydrolysis converts to an aluminum hydroxide gel and
prolonged heating of the gel to temperatures above 80 °C leads to
redissolution of aluminum hydroxide and subsequent crystalli-
zation to aluminumoxyhydroxide. Abundant -O- and -OH groups
of chitosan act as nucleation centers for the formation of
boehmite nanocrystals and this crystallization is promoted even
at room temperature. There are crucial advantages associated
with boehmite crystallization at room temperature: (i) Surface
hydroxyl concentration stays highest whereas exposure to elevated
temperature causes their destruction, thereby giving reduced ad-
sorption capacity, and (ii) reduced production cost as heating can
be avoided completely.

Fig. 3. Water purification device undergoing field trials in India and its performance evaluation. (A) Schematic diagram of the device. (B) Actual photograph
of the device. Construction and assembly of the device are simple and can be done locally. The antimicrobial composition is used as granules and kept in the
membrane filter. Carbon block is positioned just before the tap. Carbon block may also be used as a multilayer axial block, comprising adsorbents for specific
regional contaminants such as arsenic, iron, and lead. (C–F) Column data for the removal of (C) E. coli, (D) Fe2+, (E) Pb2+, and (F) As5+. Input (i) and output (ii)
concentrations are indicated in C–F.
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We have observed that chitosan has the ability to bind col-
loidal nanoparticles in a proportion higher than 500 wt/wt% (Fig.
4 A, iv). Note that the role of chitosan is not merely as a floc-
culating agent for the precipitation of colloidal nanoparticles. In
flocculation, colloidal particles undergo charge neutralization
while binding with the flocculating agent. As a consequence,
there is a reduction in the capacity to remove charge-bearing con-
taminants (such as arsenic or fluoride). However, the heavy metal
ion-binding capability of aluminum oxyhydroxide–chitosan vis-à-vis
equivalent chitosan is similar (Zn2+ binding ability: 53 mg/g and 56
mg/g, respectively, at an equilibrium concentration of 50 ppm). This
means that functional groups for metal ion binding are largely
available, even after hydrolysis of aluminum. A covalent in-
teraction between chitosan and AlOOH ensures that charged
sites on AlOOH are available for ion adsorption. Please note that
typical sites on an oxide surface are MOH, MOH2

+, and MO−,
with respective fractions determined by the pH.
Chitosan andAlOOHsynergistically participate in the structural

integrity of the composite. Chitosan undergoes swelling in water,
due to destruction of hydrogen bonding. This behavior is similar to
that observed in cellulose. Similarly, AlOOH disintegrates into
finer particles upon exposure to water. However, the nanoscale
AlOOH–chitosan composite, having a molecular-scale interaction
of the individual components, does not exhibit any sign of disin-
tegration in water. We propose that chitosan reinforces the
AlOOHstructure and vice versa, which imparts exceptional stability

and strength to the composite in water (Fig. 4C). This molecularly
assembled AlOOH–chitosan composite, exhibiting a cage-like
structure, plays a critical role in stabilizing the silver nanoparticles
(schematically illustrated in Fig. 4D). Upon addition of silver ions to
AlOOH–chitosan, chitosan binds with silver due to its heavy metal
ion-binding capacity. Upon addition of NaBH4, silver ions reduce to
zero valent nanoparticles, which are trapped in the AlOOH–chi-
tosan cages (Fig. 4A, v). The presence of silver nanoparticles in the
cage ensures their stabilization, while decreasing their exposure to
scalants simultaneously, allowing release of silver ions in natural
drinking water.

Conclusions
In their entirety, the proposed device and materials present
a compelling solution for achieving the United Nations millen-
nium development goal of sustainable access to safe drinking
water. We believe that frugal science (21) based on nanotech-
nology can make a lasting impact on society. There are over 200
million households in India. Dissemination of this technology in
various forms such as cartridges, sachets, etc., can generate large
employment opportunities in the villages. The production of
composites and water filter devices and their deployment and
servicing can contribute to the local economy. Various mod-
ifications of the composite with different compositions have
been developed with comparable performances.

Fig. 4. Mechanism for the preparation of composite and origin of its physical strength in water due to network structure. (A) Mechanistic scheme for the
formation of Ag-BM composite, as learned through various experiments. (i–v) (i) Al3+ complexes with chitosan solution; (ii and iii) alkali treatment leads to
formation of aluminum hydroxide nanoparticles and random coiled chitosan network; (iv) aluminum hydroxide nanoparticles bind to chitosan network,
possibly through covalent sharing of oxygen, leading to the formation of aluminum oxyhydroxide; and (v) silver nanoparticles form on the aluminum
oxyhydroxide–chitosan network. (B) Photographs of the system during synthesis. Presence of aluminum hydroxide in the supernatant is clearly visible below
pH 6 whereas bound aluminum hydroxide settles at pH 7 and pH 8, leading to a clear supernatant. (C) Photographs of the composite granules and of the same
in water to illustrate that the material is stable in water. (D) Graphical representation and corresponding TEM images showing the aluminum oxyhydroxide-
chitosan network without (green box) and with (red box) embedded silver nanoparticles.
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Materials and Methods
The granular composites, composed of metal oxyhydroxide–chitosan nano-
structures, were synthesized by a green synthetic route, which in general
comprises hydrolysis of a metal precursor–chitosan complex using an alka-
line medium followed by washing and drying at ambient conditions. Metal
ion precursors that may be used for the preparation of composites are Al3+,
Fe3+, Fe2+, Mn2+, Cu2+, Zn2+, Ti4+, and Ce4+. All syntheses were carried
out in water.

Synthesis of the Composite for Bacteria and Virus Removal. An aluminum
oxyhydroxide–chitosan nanostructure embedded with silver nanoparticles
was synthesized by a two-step process: (i) Synthesis of the aluminum oxy-
hydroxide–chitosan nanostructure (referred to as BM): 1.5 g chitosan was
dissolved in 0.5% nitric acid solution and to this mixture, 100 mL of 0.5 M
aluminum sulfate was added dropwise. After 3 h incubation, 140 mL of 2 M
sodium hydroxide was added dropwise to precipitate aluminum and chito-
san. The resultant precipitate was further stirred for 1 h and subsequently
washed with copious amounts of water. This precipitate is called BM. (ii)
Synthesis of silver nanoparticle in BM: After redispersing the precipitate in
water, 100 mL of 5 mM silver nitrate was added and incubated for 1 h.
Afterwards, 100 mL of 10 mM sodium borohydride was added dropwise at
<10 °C and the mixture was stirred continuously. The final precipitate was
subsequently washed with copious amounts of water, dried at room tem-
perature (28–30 °C), crushed, and used for further studies. The resulting
composite was insoluble in water and appears as light yellow granules, re-
ferred to as Ag-BM. The method of composite preparation is water positive
by two to three orders of magnitude; i.e., it produces 500 L of clean water
for every 1 L of water consumed for material production.

Synthesis of Composite for Heavy Metal Removal. An aluminum oxyhydroxide–
chitosan nanostructure embedded with nano-MnO2 particles was synthesized
through a two-step process: (i) synthesis of BM and (ii) MnO2 nanoparticles
incorporation in BM. Briefly, after redispersing the BM precipitate in water,
a freshly prepared MnO2 nanoparticles suspension was added dropwise and
the mixture was stirred continuously. The final precipitate was subsequently
washed with copious amounts of water, dried at room temperature, crushed,
and used for further studies. The resulting composite was insoluble in water
and appeared as black granules.

Synthesis of Composite for Arsenic and Iron Removal. The iron oxyhydroxide–
chitosan nanostructure was prepared by the route described in Synthesis of
Composite for Bacteria and Virus Removal for the preparation of BM. Ferric
sulfate was used as the metal ion precursor for iron. The final precipitate
was dried at room temperature, crushed, and used for further studies. The
resulting composite was insoluble in water and appeared as brown granules.

Synthesis of Silver Nanoparticles for Hyperspectral Imaging. Silver nano-
particles used for hyperspectral imaging (HSI) are prepared through NaBH4

reduction method. AgNO3 (1 mM) was mixed with 1 mM trisodium citrate
solution in equal volumes. An equal volume of 10 mM ice-cooled solution of
NaBH4 was then added dropwise to the above solution with stirring. The
solution turns golden yellow and exhibits an absorption maximum at 390 nm,
corresponding to an average particle diameter of 5–10 nm.
Testing protocol for antibacterial and antiviral efficacy. Two grams of Ag-BM was
shaken with 100 mL of natural drinking water (see SI Appendix, Table S1 for
water quality parameters). Antibacterial activity of Ag-BM was measured by
spiking the natural drinking water with Escherichia coli (E. coli ATCC 25922)
at a concentration of ∼1 × 105 CFU/mL, whereas antiviral activity was mea-
sured by spiking the water with bacteriophage MS2 at a concentration of ∼1
× 103 PFU/mL. Thereafter, the water was left standing for 1 h and sub-
sequently the surviving microorganism count was measured by conventional
pour plate (E. coli) and plaque assay (bacteriophage MS2) techniques. Col-
ony counts were performed after incubation at 37 °C for 48 h (E. coli) and 16
h (bacteriophage MS2). It should be noted that the input bacteria and virus
concentration may vary slightly in studies extending for weeks as the cul-
tures are prepared on a daily basis.
Testing protocol for the water purification device. For the water purification
device studies, 50 g of the composite was packed in a water purification
cartridge (diameter, 70 mm; height, 2 mm) and assembled as a gravity-fed
water purifier. The feed water was passed at a flow rate of 1,000 mL/min.
The input tap water was periodically subjected to a bacterial load of ∼1 × 105

CFU/mL and the output water was plated in accordance with the protocol to
understand the biocidal performance activity. Cyst removal studies were
conducted following the NSF protocol P231 and NSF/American National
Standards Institute standard 53. Polystyrene beads with a nominal size of 4–
6 μm were used as a surrogate for cysts. An input concentration of ∼1 × 106

particles per liter was passed through the carbon block. Input and output
concentrations were directly examined by a scanning electron microscope.
Output water was concentrated ×1,000 before examination.

Details of the fluorescence microscopy protocol, mechanical testing
of composite, and material characterization techniques used in this
study are described in SI Appendix, Methods and SI Appendix, Material
Characterization.
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SI Methods 

 

Fluorescence microscopy protocol: 1L of 106 CFU/mL E.  coli  containing water was  contacted 

with Ag‐BM for an hour and  it was repeatedly centrifuged at 20,000 rpm to obtain a bacterial 

pellet.  This  pellet  was  resuspended  in  1  mL  of  0.85%  saline  to  obtain  a  final  bacterial 

concentration  of  109  CFU/mL.  Staining was  done  according  to  Invitrogen Molecular  Probes 

protocol.  Briefly,  3 µL  of  a  fluorescent  probe mixture  containing  3.34 µM  green  fluorescent 

nucleic acid stain SYTO 9 and 15 µM red fluorescent nucleic acid stain PI was combined with 1 

mL of bacterial suspension. The mixture was incubated in dark for 15 min at room temperature 

and a 5 µL aliquot was placed on a glass slide, which was then covered by a cover slip, sealed 

and examined under Fluorescence microscope. Excitation was done for SYTO 9 at 465‐495 nm 

and at 530‐560 nm for PI. Emission was collected using a band pass filter for SYTO 9 at 515‐555 

nm and a long pass filter for PI at 590 nm.  

 

Mechanical testing of composite: The shear strength of  the media was measured at dry and 

wet conditions, separately.  Around ~140 g of granular media was packed in a 6 cm x 6 cm x 6 

cm (LxBxH) sample holder and horizontal shear stress was measured under normal stress of 50, 

100 and 200 kPa. 

 

SI Material characterization 

 

The  identification of the phase(s) of the as‐prepared sample was carried out by X‐ray powder 

diffraction  (Bruker  AXS,  D8  Discover,  USA)  using  Cu‐Kα  radiation  at  λ  =  1.5418  Å.    Surface 

morphology,  elemental  analysis  and  elemental  mapping  studies  were  carried  out  using  a 

Scanning Electron Microscope (SEM) equipped with Energy Dispersive Analysis of X‐rays (EDAX) 

(FEI Quanta 200). Field Emission SEM measurements were done with FEI Nova NanoSEM 600 

instrument. High Resolution Transmission Electron Microscopy (HRTEM)  images of the sample 

were obtained with JEM 3010 (JEOL, Japan) operating at 300 keV. Elemental mapping was done 

with  a  TEM  EDAX.    X‐ray  Photoelectron  Spectroscopy  (XPS) measurements were  done  using 
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ESCA Probe TPD of Omicron Nanotechnology. Polychomatic Mg Kα was used as the X‐ray source 

(hv = 1253.6 eV). Binding energy was calibrated with respect to C 1s at 284.5 eV. Total silver, 

arsenic  and  lead  concentrations  in water were  estimated  using  inductively  coupled  plasma 

mass spectrometry (ICP‐MS) (Agilent Technologies, 7700x ICP‐MS and PerkinElmer NexION 300 

ICP‐MS).  Atomic  Force  Microscopy  (AFM)  measurements  were  done  using  a  Witec  GmbH 

confocal Raman microscope  (CRM‐Alpha300 S). Bacteria  treated with silver nanoparticles and 

those  treated  with  Ag‐BM,  were  viewed  under  the  Cytoviva  microscope,  attached  to  a 

Hyperspectral  imaging  (HSI)  system.   The  system captures  the VNIR  (400‐1000 nm)  spectrum 

within each pixel of the scanned field of view. The bacteria were treated for a period of 2 h, and 

2 µL of  the same were spotted on glass  slides. The  spotted  samples were allowed  to dry  for 

over 4 h before  imaging. Imaging was done at 100x magnification, using a halogen lamp (400‐

1000 nm) as  the  light  source. Nikon ECLIPSE 80i  fluorescence microscope was used  to  image 

stained bacteria. 
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Fig. S1. Transmission electron micrograph and EDAX elemental mapping of Ag‐BM.  (A) EDAX 

elemental imaging of Ag‐BM. Top extreme left is the TEM image and others are elemental maps 

from the region. (B) EDAX spectrum of (A) confirming the presence Ag. (C) HRTEM micrographs 

of Ag‐BM (Scale bar is 50 nm). The uniform carbon image is due to the grid and the material. Al 

and O  are  present  uniformly  due  to  AlOOH  and  their  pattern  resembles  the  pattern  of  the 

sample (marked). Ag  is also present  in this region. The spatial resolution of EDAX resolution  is 

good enough to see isolated particles. The Cu lines are due to the grid used. 
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Fig.  S2.    Performance  trials  for  gravity‐fed water  purifier  device  containing  Ag‐BM  as  the 

water purification composite. Analysis of silver ion concentration in output water measured by 

ICP‐MS (red)  in cartridge study (refer: Materials and Methods). The permissible  limit for silver 

ion concentration in drinking water is shown as black line. Cartridge was run for 1500 L without 

any reactivation.  
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Fig.  S3.  Silver  ion  leaching  as  a  function of  temperature.  Silver  ion  leaching  from Ag‐BM  in 

water at temperatures of 5, 25, 35, 40 and 50 0C (measured using ICP‐MS).  The amount of silver 

ions leached in water at RT (25‐35 0C) is 40 ± 10 ppb, when trials were done in batch. 
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Fig. S4.   X‐ray diffraction patterns of BM and Ag‐BM. XRD patterns of BM (black) and Ag‐BM 

(red).  BM  showed  peaks  corresponding  to  (120),  (013),  (051),  (151),  (200),  (231)  and  (251) 

planes. All these peaks can be  indexed to orthorhombic‐AlOOH shown  in blue colour (JCPDS # 

83‐2384). The broadened XRD peaks imply that the crystallite size of BM particles is very small. 

The mean crystallite size calculated from the Scherrer formula shows that AlOOH nanocrystals 

are of an average size of 3.5 nm. The presence of organic template (chitosan) is also clear from 

the XRD data. The peaks marked by * corresponding to 2θ (in degrees) = 18.7°, 20.6° and 41.2° 

are attributed to the presence of the organic template. There is a definite difference in the full‐

width  at half maxima  (FWHM)  for  the peaks  corresponding  to AlOOH  and organic  template. 

Addition  of  Ag  to  BM  doesn’t  lead  to  new  diffraction  features,  presumably  due  to  low 

concentration of Ag.  

 

 



9 
 

 

A B

 

 

Fig. S5. Field emission scanning electron microscopic image of Ag‐BM. FESEM images of an Ag‐

BM  grain  at  two magnifications.  Silver nanoparticles  are not  seen on  the  surface of  the BM 

composite, although the substrate particles (ITO,  indium tin oxide)  in similar size range (10‐30 

nm) are clearly visible. A part of the ITO coated glass substrate is highlighted by the red circle to 

illustrate this point. This indicates that silver nanoparticles are embedded and well protected in 

the BM matrix. 

 

 

 

 

 

 

 

 

 

 

 



10 
 

0 200 400 600 800 1000

In
te

ns
ity

 (a
.u

.)

B.E. (eV)

C
 1

s

A
l 2

p

A
g 

3d
N

 1
s

O
 1

s

C
a 

2p

Si
  2

p

R

S

I

 

Fig. S6. XPS survey spectra of Ag‐BM. XPS survey spectra of Ag‐BM samples (I) Prior to use, (S) 

upon saturation of anti‐bacterial activity and  (R) upon reactivation  in distilled water at 70  °C. 

The spectra are essentially the same except in Ca 2p and Si 2p regions, which are marked. N 1s 

is also present in I, although with reduced intensity. 
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Fig.  S7.  SEM‐EDAX  elemental  spectrum  and  elemental  imaging.  SEM‐EDAX  of  (A)  freshly 

prepared Ag‐BM and  (B) saturated Ag‐BM. Natural drinking water  (without treatment so that 

there is a residual bacterial count in it) was used for testing. Presence of deposits containing Ca 

and Si is seen on the saturated Ag‐BM material. 
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Fig. S8. AFM  images of surface roughness of Ag‐BM. 3D AFM  images of surface roughness of 

(A)  initial  Ag‐BM  and  (B)  saturated  Ag‐BM.  The  high  profile  is  also  shown.  Increased 

inhomogeneity, possibly due to deposits is seen in B. 
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Fig. S9. Effect of water quality on performance of Ag‐BM. Performance comparison for Ag‐BM 

shaken  in  tap water  (blue trace) and ultrapure water  (red trace). The antibacterial efficacy of 

the composite in ultrapure water is due to the absence of interfering species typically found in 

tap  water.  As  in  other  batch  experiments,  2g  of  the  composite  was  shaken  in  100 mL  of 

ultrapure water spiked with 0.85% NaCl (to avoid osmotic rupture) and bacterial input  load of 

105 CFU/mL and the solution was plated after 1 h. The composite works indefinitely without the 

need for reactivation.  
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Fig. S10. Effect of variations  in  input water quality on antibacterial performance of Ag‐BM. 

Performance of Ag‐BM against E. coli was tested  in batch, by varying (A) the  ionic strength of 

synthetic  challenge water  (pH  held  constant  at  7.0±0.2),      (B)  pH  of  the  synthetic  challenge 

water (TDS held constant at 300 ppm) and (C) the organic (humic acid) content of the synthetic 

challenge water  (pH  and  TDS  held  constant  at  7.0±0.2  and  TDS  300 ppm,  respectively).  The 

average  input concentration was 1X105 CFU/mL.   Activity of the composite does not diminish 

with variation in TDS, pH as well as TOC of synthetic challenge water.  
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Fig. S11. Effect of water quality used for reactivation of Ag‐BM. Performance comparison for 

Ag‐BM reactivated with distilled water  (blue  trace) and  tap water  (red  trace) at 70  °C. Unlike 

reactivation of composite in tap water, reactivation in distilled water leads to nearly complete 

recovery of anti‐bacterial performance  (output count came  to  zero).   The composite exhibits 

only  2  cycles  of  reactivation  before  getting  exhausted  in  tap  water.  On  the  contrary,  the 

composite  can be  reactivated  for at  least 5  cycles,  if  reactivation  is  conducted  in distilled or 

quality drinking water. 
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Fig.  S12.  Antibacterial  performance  for  Ag‐BM  reactivation  by  alternate  methods. 

Reactivation using (A) citric acid (10 mM) (alternatively, 4 drops of fresh lemon juice is used, pH 

5.5±0.5)  and  (B)  hydrogen  peroxide  (100  ppm).  It  is  evident  that  chemical  methods  of 

reactivation are equally efficient in recovering the performance of the composite.  

 

 



17 
 

0 50 100 150 200 250
0

250

500

750

1000
Vi

ru
s 

co
un

t (
PF

U
/m

L)

Number of batch trials
 

Fig. S13.  Antiviral performance trials of Ag‐BM in batch. Performance of Ag‐BM against MS2 

bacteriophage was  tested  in batch.  The  average  input  concentration was 1000 PFU/mL.  The 

composite was reactivated after the 3 consecutive saturation points (trial numbers 80‐100 and 

190‐210) were obtained. The antiviral performance is comparable to antibacterial performance 

as the composite regains its property after reactivation.  
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Fig.  S14.  Hyperspectral  imaging  of  E.  coli.  (A)  Hyperspectral  image  of  E.  coli,  (B)  spectra 

collected at various borders of E. coli and (C) expanded hyperspectral image of E. coli used for 

collection  of  spectra.  The  scale  bar  is  1  µm.  The  spectrum  essentially  resembles  the  lamp 

spectrum as there are no absorbing species in a bacterium.  
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Fig. S15. Hyperspectral imaging (HSI) of silver nanoparticles. HSI images of (A) nanoparticles in 

water, (B) spectra collected for single nanoparticles showing different colors due to differences 

in absorption maxima and (C) zoomed images of the corresponding nanoparticles.  
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Fig. S16. Analysis of aluminium and TOC  leaching. (A) Analysis of aluminum concentration  in 

output water measured  by  ICP‐MS  (red)  in  batch  trials.  The maximum  permissible  limit  for 

aluminum ion concentration in drinking water is shown as red line. (B) Analysis of leached total 

organic  carbon  (TOC)  in  output  water.  The  limit  of  detection  of  TOC  measurement  was 

estimated to be 80 ppb.  
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Fig. S17. Fluorescence microscopy study of treated bacteria. Fluorescence microscopy images 

of bacteria (E. coli) after staining with SYTO 9 (green) and PI (red). (A) Untreated and (B) treated 

with Ag‐BM composite for 1h. Each image is a result of superposition of an image taken for the 

green fluorescent dye and red fluorescent dye using the appropriate filters. The scale bar is 10 

µm. Fluorescence microscopy  study  supports  that bacteria are killed within 1h after  treating 

with Ag‐BM. 
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Fig. S18. Cyst removal performance tested with 4‐6 micron polystyrene spheres. SEM images 

of 4‐6 micron polystyrene  spheres.  (A)    Input  count: 106 particles/L  and  (B) output  count: 1 

particle  is  seen  in  the  1000  times  concentrated  sample  (<3  particles/L).  The  input  water 

containing polystyrene spheres was passed through the porous carbon block as per NSF P231 

protocol (polystyrene spheres are used as representative for cyst, in terms of size) and removal 

capacity is higher than 5 log. The porous carbon block removes cysts through physical filtration.  
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Fig.  S19.  Direct  shear  test  (Horizontal  shear  stress  vs.  Horizontal  displacement).  Plot  of 

horizontal  shear  stress  vs.  horizontal  displacement  of  loosely  packed media  obtained  from 

direct shear tests: (A) measured at dry condition and (B) measured at wet condition. 
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Fig. S20.   Mohr‐Coulomb failure pattern (Shear stress vs. Normal stress). Plot of shear stress 

vs. normal stress of loosely packed media showing the straight‐line approximation of the Mohr‐

Coulomb failure pattern: (A) measured at dry condition and (B) measured at wet condition. 
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SUPPORTING TABLE 

 

Table S1.  Physicochemical characteristics of influent natural drinking water 

(Note: All parameters are expressed in mg L‐1, except for pH and conductivity) 

 

 

Parameters  Value 

Total coliforms (CFU/mL)  

p H @25°C 

Conductivity (µS/cm) 

Fluoride 

Chloride 

Nitrate 

Sulphate 

Silicate 

Lithium 

Sodium 

Ammonium 

Potassium 

Magnesium 

Calcium 

 

1‐2 x 103 

7.8 

640.000 

0.573 

86.340 

1.837 

32.410 

15.870 

                      ND 

53.740 

ND 

2.330 

14.340 

28.720 

 

ND‐not detected  

 

Natural drinking water (without treatment so that there  is a residual bacterial count  in  it) was used 

for testing to ensure that that the material functions in the field. 



New Protocols for the Synthesis of Stable Ag and Au Nanocluster
Molecules
T. Udayabhaskararao and T. Pradeep*
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Technology Madras, Chennai 600 036, India

ABSTRACT: “Catching” metals in the nonmetallic form in solution, as they grow to
bulk, is one of the most exciting areas of contemporary materials research. A new kind of
stabilization to catch the nonmetallic form of noble metals with small thiols has evolved
as an exciting area of synthesis during the past decade. Gold clusters stay in the frontline
of this research, yielding new “molecules” composed of a few to several hundreds of
atoms. By taking guidelines from gold cluster research, various new protocols for silver
nanoclusters were developed. In this Perspective, we highlight the recent advances on
the synthesis of atomically precise silver, gold, and their alloy clusters with a special
emphasis on silver. As a result of intense efforts of the recent past, clusters such as
Ag7,8(SR)7,8, Ag7(−S−R−S−)4, Ag9(SR)7, Ag32(SR)19, Ag44(SR)30, Ag140(SR)53,
Ag280(SR)140, and Ag152(SR)60 (SR and S−R−S refer to thiolate and dithiolate ligands,
respectively) were added to the literature. Moreover, “silver-covered” and “gold-covered”
alloy clusters have also been synthesized. Early reports of the crystallization of such
clusters are available. Several of these clusters are shown to act as sensors, catalysts, and
pesticide degradation agents, which suggests that these materials may find applications in
daily life in the foreseeable future.

Creation of new materials has always been fascinating
to researchers as it provides immense opportunities to

study the emergence of novel physical and chemical properties.
Often, newly identified materials open up ways to discover
novel phenomena. One such example, which changed the direc-
tions of noble metal research, is the colloidal gold synthesized
by Faraday.1 Although several methods for the synthesis of
colloidal gold were known even earlier, as reviewed pre-
viously, the method of Faraday was the first example in which
unusual properties of this form of matter were attributed to
the divided state of the metal. This has been the seed mate-
rial for understanding several phenomena experimentally2 and
theoretically.3 Since then, decades disappeared without signifi-
cant growth in experimental research in this area. However,
theoretical3 and technological4 developments have taken place.
The synthesis method5 pioneered by Turkevich et al. showed a
convenient method for obtaining gold nanoparticles, 15−30 nm
in diameter, formed by the chemical reduction of Au3+ using
sodium citrate. Here, citrate acts as a capping agent too, and the
system is referred to as Au@citrate. A similar method is used to
make silver nanoparticles (Ag@citrate) using silver nitrate and
sodium citrate.5 Followed by this, a variety of alkyl chains
possessing O, P, N, and S linkers in their head group have been
used as protective agents for Ag and Au nanoparticles.2 Surface
plasmon resonance is one of the essential features of these
particles of size >2−100 nm.2 Among several capped nano-
particles, thiolate-protected ones are of greater attention in view
of their higher stability6 and applicability in biology. However,
decades spent on thiolate-protected plasmonic systems have
now culminated in the discovery of a new form of matter

composed of a few atoms, which exhibit molecular behavior.7

Such particles are called quantum clusters (QCs) or sub-
nanoclusters. They are also referred to as clusters, monolayer-
protected clusters, nanocluster molecules, as well as super
atoms. They are composed of a few tens to a few hundreds of
atoms, having a core with size in the nanometer regime,
possessing a discontinuous density of states.7 Because of their
discrete electronic energy levels, they show molecule-like
optical transitions in their optical absorption and emission
spectra. Although they are composed of a metal core and a
ligand shell, the optical properties are dominated by the core-
derived states, composed of the metal atoms and the metal−
ligand binding shell.8−10 They are often considered to bridge
the gap between atomic/molecular (exhibiting distinct optical
properties) and nanoparticle (exhibiting plasmons) behaviors.
In this Perspective, clusters and nanoparticles are treated as two
distinct regimes of matter.
Unlike the plasmonic systems, TEM investigations have not

been hugely successful for these clusters. Mainly two
drawbacks, namely, (1) size of these clusters being too small
to be observed in standard TEM11 and (2) electron-beam-
induced growth of clusters during microscopic examination,
have thwarted TEM investigations. Clusters in the size regime
of 1 nm undergo electron-beam-induced coalescence, leading to
bigger particles.12 The tendency of cluster collapse upon irradiation
is prominent for Ag clusters. The experimental techniques, used
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especially for characterizing organic and inorganic molecules,
such as elemental analysis, UV/vis, mass spectrometry (ESI and
MALDI MS), IR, H1 NMR, and so forth, can be used eminently
for characterizing these clusters. In recent years, crystallogra-
phic data of Au102SR44,

13 Au25SR18,
14 Au38SR24,

15 Au36SR24,
16

and [Au24(PPh3)10(SR)5Cl2]
+ (SR = thiolate)17 have helped in

acquiring more knowledge about these systems. Irrespective
of whether they are crystalline or not, ESI and MALDI MS
studies reveal precise compositions of these clusters.18,19 In the
following, we briefly discuss how research on gold and silver
clusters has progressed, principally focusing on the synthesis
aspects.
Evolution of Synthetic Ef forts. (a) Using Charged Particles and

Photons. Both silver and gold in the cluster form have been
investigated since the 1980s.20 In the early period, sputtered M
(M = Ag or Au) atoms were obtained from a target of M by
impinging inert gas ions or pulsed lasers, which subsequently
underwent nucleation to form clusters upon gas-phase
coalescence. Inert gases were used for cooling clusters by gas-
phase collisions, leading to deactivation and removal of excess
internal energy as kinetic energy. During the same time, Agn
clusters were synthesized in templates such as zeolites.21 Later,
inorganic glasses were also used as solid matrixes to stabilize
these clusters. In a general synthesis process, Ag+-doped zeolites/
glasses were prepared initially by well-known techniques.21

Irradiation of suitable light then makes Agn clusters inside of the
cavities of these templates. Formation of silver clusters in zeolites
was achieved by taking advantage of the photoreducibility of
silver ions.21 Aun clusters in zeolites appeared only lately, starting
with the report of Boudart and Meitzner in the 1980s as quoted
in ref 22. Only a few investigations of Aun clusters in zeolites
were available, unlike for Agn. Aun clusters, in comparison to Agn,
were unstable due to the migration of Aun clusters to the outer
surface of the inorganic templates. The affinity of zeolites toward
silver, as opposed to that against gold, is due to the fact that
Ag+ is the only noble monopositive cation that forms a mono-
nuclear species with appreciable stability in water. Among the
noble metals, only Ag+ forms aqueous solutions, which can easily
be exchanged in zeolites. Also in contrast to Ag+, Au3+ does not
have photoinduced reducibility in the typical photon energies
used.22 Generally, Au3+ requires chemical reduction. However,
recently, Zhang et al. have achieved red-luminescent Au and Cu
clusters through a photoreduction process.23

(b) Using Templates. During the same time, another attractive
way of creating Agn in polymer templates was demonstrated.24

It is known that bare, small silver clusters are generally short-
lived and undergo aggregation, being transformed into plasmonic
systems in aqueous solutions, at ambient temperatures.24

Henglein succeeded in stabilizing such intermediate clusters

using sodium polyacrylate. Here, the synthesis involves radiolytic
reduction of Ag+ ions in the presence of sodium polyacrylate.
The very first product in the reduction of Ag+ by the hydrated
electron is the silver atom. Atomic Ag, formed rapidly, reacts
with Ag+ to produce a diatomic cluster, Ag2+, which then grows
into a stable polyatomic cluster on the polymer chains. The
Coulombic repulsion between the chains prevents the clusters
from coming closer. A similar scenario to obtain gold clusters
is not favorable due to the fact that Au3+ is not photoreduced,
unlike Ag+. After the synthesis of red-luminescent silver clusters
by Kumecheva and co-workers25 in the interior cavities of
microgels by UV irradiation, several fluorescent silver clusters
were synthesized.26 Ras and co-workers have synthesized
PMAA−AgQCs [PMAA = poly(methacrylic acid)] through
reduction of Ag+, which was initiated by visible light. For the
first time, they demonstrated strong solvatochromic and
solvatofluorochromic properties along with the novel electro-
luminescence property of these clusters.26 New methods such
as sonochemical27 and microwave-assisted28 approaches were
used to synthesize polymer-templated AgQCs. Most of the
synthetic reports are limited to clusters in water. However,
there are reports where clusters, first obtained in water, were
subsequently transferred to other solvents. Recently, Diez et
al. have succeeded in direct synthesis of blue-, green-, and red-
emissive silver clusters in polar and nonpolar solvents
(toluene, dichloroethane, THF, DMF, etc).29 Nevertheless,
there have been many polymer-templated, highly luminescent
AuQCs but not to the extent of AgQCs.30 Dendrimer
encapsulation is also one of the efficient ways to control the
size of the clusters.31 In recent years, dendrimers are engineered in
such a way that they can hold a specific number of atoms.32

DNA-hosted luminescent silver clusters have been one of the
hot areas of research since the oligonucleotide-encapsulated
AgQCs synthesized by Dickson and co-workers.33 Synthesis
and applications of such luminescent silver34 and gold30 clusters
were thoroughly reviewed. AgQCs of different sizes with
blue/green-, yellow-, red-, and NIR-emitting properties were
synthesized. Several studies were also carried out to know
the importance of bases and base sequences on the formation
of oligonucleotide-stabilized lumenescent AgQCs. However,
in the case of DNA-template gold clusters, there are not many
synthetic and optical tunability reports in the literature.
Recently, DNA-templated, blue-35 and red-36 emitting gold
nanoclusters were synthesized using mild reducing agents. Also,
DNA-hosted, sequence-dependent formation of gold clusters
was also reported.37

Protein-encapsulated Ag or Au clusters are a subject of
current research. This subject is extensively reviewed by Xavier
et al.38 The research activity of BSA-protected Agn clusters
(BSA = bovine serum albumin) intensified following the report
of Au25@BSA by Xie et al.39 MALDI MS is the most important
tool to characterize these clusters. Although ESI MS is
successfully used to characterize proteins and protein−metal
ion complexes, it is not very useful in characterizing their
clusters. The number of metal atoms in a given protein-
encapsulated cluster can be found from the difference between
the mass values of free protein and protein-encapsulated
clusters observed in MALDI MS. Au25@BSA is the first system
that was observed by MALDI MS. Subsequently, MALDI MS
provided the composition of several silver and gold clusters in
protein templates. It is worth noting that through mass spectral
studies, it was possible to understand the growth of metal

Creating metal systems in
“nonmetallic” form has been a
subject of intense research for
several decades. Efforts in this

area lead to the development of
gas-phase and template-assisted
clusters of various kinds. Many
silver clusters were observed in
templates due to the facile
photoreduction of silver ions.
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clusters in a given protein.40 Intense research activities are
currently undertaken on both Au41 and Ag42 @protein systems.
(c) Thiolate-Protected Clusters. Since the Brust−Schiffrin

two-phase method for gold nanoparticles reported in 1994,
studies of thiolate-protected gold clusters have became a fasci-
nating area of research.43 Molecular clusters of gold, distinctly
different from nanoparticles, were noticed in 1997.44 Evolution
of research on thiol-protected gold clusters has contributed
to newer excitement in cluster research.45,46 Correlation
between theoretical and experimental results contributed
to understanding these systems in detail. Different aspects
of these clusters have been extensively reviewed by Jin,11 Lu
and Chen,47 and our group.38 Theoretical studies of these
clusters were reviewed by Hakkinen.48 In the following, we
discuss recent developments in terms of synthetic protocols
and also our own contributions to the development of new
clusters.
Several types of synthetic routes exist that can produce

clusters with desired characteristics in the final product. Besides
the studies of the effect of thiol and of solvent on the nature of
the products, not much information is available on other
aspects, for example, on the effect of reducing agents. New
protocols showed that the reduction potential of the reducing
agent has a tremendous effect on the clusters.49−51 Ghosh et al.
reported49 a one-step route for the synthesis of an atomically
precise cluster, Au18SG14 (SG, thiolate of glutathione). It
is known that the reduction of Au3+ with a strong reducing
agent, NaBH4, in the presence of GSH resulted in a mixture
of “magic” clusters (Au10(SG)10, Au15(SG)13, Au18(SG)14,
Au22(SG)16, Au22(SG)17, Au25(SG)18, Au29(SG)20, Au33(SG)22,
and Au39(SG)24),

18 whereas using a slow reducing agent,
NaBH3CN, produces one cluster alone, namely, Au18SG14.
Figure 1a shows the distinct absorption bands of Au18(SG)14
clusters, ane centered at 590 nm (2.1 eV), a broad band at 515
nm, (2.4 eV) and another in the UV region at 290 nm (4.2 eV).
It exhibits red luminescence at room temperature upon illumi-
nation with UV light. The quantum yield is ∼5%, nearly 25-fold
higher than that of Au25SG18. ESI MS shows a series of multiply
charged peaks due to Au18SG14 (Figure 1b).
The success of the synthesis of Au18(SG)14 is attributed

to the use of a mild reducing agent. This demonstrates that as
in the case of organic synthesis, here too, controlled reactions
are indeed possible. For example, in organic synthesis, sodium
cyanoborohydride (NaBH3CN) is used as a mild and selec-
tive reducing agent, which gives selective products, whereas
the typical strong reducing reagent, NaBH4, is less selective.
A mild and selective reducing agent can help in slowing down
the nucleation and retard the growth of the nuclei, which
may result in the direct formation of smaller Au−SG QCs.
A report50 by Jin et al. presented the synthesis of Au19(SPh)13
(PET = phenylethane thiolate) QCs by the combination of
both kinetic and thermodynamic control of the reaction. In
this case, clusters of different sizes were formed initially, which
then underwent size convergence into a monodisperse product
by means of a prolonged aging process. For slow reduction,
a weaker reducing agent, borane-tert-butylamine complex,
was used. We note that upon using NaBH4 as the reducing
agent, another cluster, Au25SR18, is produced.

52 In addition to
these reports, a simple method to produce various gold clusters
is to use CO as the reducing agent.51 These results demonstrate
that variation in reactions could make single-step methods feasi-
ble for Aun(SG)m (n = 10, 15, 18, 19, 25, 29, 33) clusters.

The similarity of organic reactions and cluster syntheses is
demonstrated by these experiments.
From now onward, we shall describe recent developments

of thiolate-protected silver clusters. Application of several tradi-
tional routes has resulted in the formation of plasmonic Ag
systems and silver thiolates. Synthesis of silver clusters has
learned significantly from the gold literature.

Silver Clusters. Among a vast amount of research on thiolate-
protected noble metal clusters, a major portion has been on
gold, and very little has been on silver. This is due to the lack
of suitable synthetic methods to produce the latter and also due
to their reduced stability. The main difficulty in synthesizing
silver clusters is the higher susceptibility of silver to oxidation.
It makes conversion of the Agn core to AgnOx, resulting the loss
of characteristic optical features.53 More focused research is
needed to produce atomically precise Ag analogues of AuQCs.
Detailed spectroscopic characterization is another challenge.
Obviously, theoretical analyses are also needed.

Figure 1. Schematic representation of two reduction processes, one
using NaBH4 and the other using NaCNBH3. (a) UV/vis absorption
profile of Au18SG14 clusters in water. Insets show the photographs of
clusters in water upon illuminating with visible and UV light. (b) ESI
MS spectrum of Au18SG14 in the negative mode, in the region of m/z
1000−2000. The peaks observed are due to Au18SG14. Red lines
represent the calculated values for the charge states. The inset shows a
deconvoluted spectrum based on the multiply charged species
observed. Besides the molecular ion feature at m/z 7830, it shows
higher mass number shoulders due to sodium addition. Here, the red
spectrum gives the expected isotope distribution. Reprinted with
permission from ref 49.

Variation in reduction methods
produces clusters of different

sizes. One such change is varying
the strength of the reducing
agent in a given reaction. This
variation resulted in atomically
precise Au18SG14 and Au19SPh13

nanoclusters.
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After the successful synthesis of thiolated AuQCs,7

immediate attention was drawn to produce the Ag analogues.
Most of the thiols, which stabilize effectively Au clusters, do
not do so for Ag. For the latter, instead of stabilizing at
the molecular level, they undergo further growth, forming
plasmonic silver nanoparticles. Excellent studies in various
areas, especially understanding the electronic band structure in
comparison to metals, have appeared on these plasmonic
systems.54 Continuous improvement in this area produced
new kinds of thiolated AgQCs, which possess discrete energy
levels due to strong quantum confinement. Murray et al. had
demonstrated quantized one-electron double-layer charging
(QDL) for the first time in silver clusters.53 Kimura et al. have
synthesized mixtures of silver clusters protected with various
hydrophilic thiolates and separated them by gel electrophoresis.55

Molecular behavior is seen in their optical properties. Lack of
stability, which thwarts analysis by mass spectrometry, also
restricted the initial efforts to characterize their photophysical
and chiroptical properties.
(a) Synthetic Diversity. Some successful methods to achieve

a handful of silver clusters are interfacial,56 solid-state,57 gel-
mediated,58 and reversible phase transfer;59 ripening,60 core
etching,61 and high-temperature62 routes were added to the
literature in the recent past. In addition, some traditional routes
with minor changes63−66 were also used for their synthesis.
Recently, interfacial synthesis is gaining attention as one of the
promising methods for the synthesis of nanomaterials and their
assemblies. Various metal nanocrystals and semiconducting
materials have been synthesized using the interfacial route.67

Interfacial properties, such as surface tension and interfacial
potential, offer new synthetic variables to make nanomaterials.
The interfacial etching route was initially used to synthesize
7 kDa silver QCs.68 It was reported that clusters were formed
only at the interphase. Later, using the same method, gram-
scale syntheses of two luminescent silver clusters protected by
mercaptosuccinic acid (H2MSA), having well-defined molecular
formulas (Ag8(H2MSA)8 and Ag7(H2MSA)7), were performed.
Here, nanoparticles of different sizes, taken as starting materials,
ultimately converged to a mixture of the above two clusters.
This reaction was performed in an aqueous−organic biphasic
system. During the reaction, the optical absorption spectra
of the aqueous phase showed gradual disappearance of the
surface plasmon resonance of metallic silver nanoparticles at
400 nm, indicating that nanoparticles were being converted to
smaller cluster molecules. The mixture of two clusters, namely,
Ag7 and Ag8, was separated using gel electrophoresis. Ag8
exhibits a peak at 520 nm in its optical absorption spectrum
(Figure 2) and an emission in the red region. It shows strong
temperature-dependent emission. A layer of toluene on top
of the aqueous phase might have minimized the direct contact
of silver with air during the etching process. Bigger nano-
particles (i.e., initially taken unetched nanoparticles) form a 2-D
assembly at the water−toluene interphase in the course of this
reaction.
The solid-state method is an interesting and novel route to

make diverse silver clusters. Here, the time required to produce
the desired cluster is substantially less. High yield of clusters
and easy handling of reaction make this route novel. It is
expected that this protocol opens up a new way to make
a variety of cluster materials. It is in contrast to the general
solid-state synthetic routes to make ceramics where most of
the reactions take place at high temperatures in order to
allow diffusion and nucleation between two or more reagents.

Clusters were obtained by grinding metal precursor(s) and
ligand (solid or liquid) followed by reduction with solid
NaBH4. In this process, initially, silver thiolate is formed due to
the reaction between the silver salt such as AgNO3 and thiol
(RSH = H2MSA, GSH, phenylethanethiol (PETH), etc.). High
affinity of sulfur toward noble metal ions is the reason for
thiolate formation. Upon addition of NaBH4 in the solid form,
the ground mixture turns to a brownish-black powder that
shows high affinity to water. This situation is different from the
synthesis in the solution phase. The essential steps of cluster
formation, such as nucleation and growth, are controlled due to
the lack of protic solvent as they are mixed in the solid state.
Three main contributions have been made using the solid-state
route;9,57,69 these are 9-, 32-, and 152-atom silver clusters pro-
tected by thiolates of H2MSA, GSH, and PETH, respectively.
Some more clusters are yet to be characterized fully.70

Ag9(H2MSA)7 was obtained by grinding a mixture of AgNO3
and H2MSA in a 1:5 molar ratio with NaBH4. Here, all of
the precursors are taken in the solid form. The cluster shows a
step-like feature in its UV/vis absorption spectrum, similar to
the Au25 clusters. Ag32(SG)19 was also synthesized through the
solid-state route, where AgNO3, GSH, and NaBH4 were taken
as precursors. Optical absorption spectra of this cluster possess
a sharp peak at 480 nm and shoulder peaks at 420 and 610 nm
(Figure 2).9

Recently, the synthesized Ag152 cluster opened the way to
fundamental studies and potential applications in this area.69 It
was obtained by a solid-state route in which solid AgNO3
was ground with PETH (oily liquid) in a 1:5.3 molar ratio in
a mortar and pestle. Adding 25 mg of NaBH4 (solid) with con-
tinued grinding completes the reaction. Immediate extraction of
excess thiol in the reaction mixture using ethanol and sub-
sequent dissolution of the residue in either toluene or tetra-
hydrofuran (THF) gives a solution of the cluster. The crucial
aspect of this procedure is the limited supply of water needed
for the reduction, which becomes available from the labora-
tory atmosphere as well as from ethanol used for subsequent
washings. The clusters were monodisperse, as confirmed by

Figure 2. Optical absorption profiles of clusters obtained by different
methods. Labels I, S, and G on the traces indicate interfacial, solid-
state, and gel-mediated routes, respectively. The dashed trace at the
top corresponds to Ag@H2MSA nanoparticles of 5−10 nm prepared
by the traditional method.
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the HPLC studies. The composition of the cluster Ag152 was
detected by MALDI MS analyses (Figure 3). The spectra

shown in Figure 3 are at the lowest laser power needed to
observe ion signals. Mass spectra for the purified and unpurified
samples show the same features with a single peak centered at
m/z 24 600 [full width at half-maximum (fwhm) of 1.5 k] and
the doubly charged cluster at m/z 12 300 ± 30. However,
HPLC-subjected samples show sharper peaks compared to the
as-synthesized samples. Recent results from our lab have
also shown the formation of gold and copper clusters by this
route. This synthetic approach may make the synthesis of
clusters of other elements feasible, as evidenced by the
synthesis of iridium nanoparticles.90 It is important to point
out that because all products are in the solid/pasty state during
synthesis, it is possible to collect samples at intermediate steps
of reaction in order to get information about the progress of
the reaction.
(b) Clusters to Superlattices (SLs). Another interesting

report form Sugi et al.70 described the systematic size evolution
of organic-soluble, atomically precise Ag clusters monitored by
various techniques. The same protocol as that above was used
in this experiment to make clusters. In MALDI MS investi-
gations, the initial product during the synthesis was a 13 kDa
cluster (Figure 4a). These clusters transform gradually to
more stable plasmonic nanoparticles with moleculear masses
of 70 and 80 kDa (Figure 4b). Again, a suspension of these
nanoparticles upon constant heating at 100 °C leads to the for-
mation of self-organized nanoparticles of higher molecular mass
(148 kDa) (Figure 4c). These clusters of 13, 70, 80, and 148 kDa
are tentatively assigned as Ag∼75(PET)∼40, Ag∼530(PET)∼100,
Ag∼561(PET)∼150, and Ag∼923(PET)∼351, respectively (as the
mass peaks are broad, the atomic composition is approximated).
Accompanying this gradual mass evolution, systematic changes in
optical absorption spectra are also observed. Those results show

the possibility of synthesis of nanomaterials with tunable prop-
erties in a one-pot method. Tunability arises as nanoparticle sizes
can be controlled as they are formed starting from atomically
precise clusters.
(c) Use of Gels. An important issue of concern of synthesis

of any desired cluster is related to mass transfer, leading to
controlled nucleation. Gels are composed of molecular cages
that may be used to control mass transfer and to nucleate
the preferred clusters. Cage dimensions and kinetic parameters
may be controlled to yield desired results. Molecular cages
of polyacrylamide gel were used for the direct synthesis
of monodisperse silver−SG clusters in a single step and within
30 min. These clusters show prominent features at 350, 470,
and 650 nm in their UV/vis absorption spectrum (sample G
of Figure 2). The method involves reductive decomposition
of Ag(I)SG thiolates in polyacrylamide gel cavities of sub-
micrometer size. In this method, an acrylamide/bisacrylamide
solution containing Ag(I)SG thiolates was allowed to polymer-
ize in a beaker to form a gel. On top of this gel, aqueous NaBH4
was added. The color of the gel changed from light yellow to
dark brown within 0.5 h, indicating the formation of clusters
inside of the cavities. Free clusters were extracted into water
and precipitated using excess ethanol. Dry powder was obtained
after the removal of solvent using a rotary evaporator. These
clusters can selectively detect Hg(II) ions down to the ppb
level.58 Kitaev et al. also reported on the synthesis of similar
clusters by two routes, (1) creating new kinds of reaction envi-
ronments (cyclic reduction under oxidative conditions, where

Figure 3. (a) MALDI MS spectrum of an as-synthesized 25 kDa cluster
collected in the positive mode. It gives a sharp (fwhm, 1.5 k) molecular
peak centered at m/z 24 600 ± 100. A minor peak, at m/z 12 300 ± 30,
is seen, which corresponds to the doubly charged species. For clarity,
this is expanded 50 times in the vertical axis. (b) Same as (a) but for the
HPLC-purified sample, extracted in THF. It shows a narrower peak
(fwhm of 1.3 k) at m/z 24 610 ± 80 and a pronounced dication peak at
m/z 12 320 ± 30. (c) Chromatogram of the Ag152 cluster extracted in
THF. Reprinted with permission from ref 69.

Figure 4. MALDI mass spectra showing the systematic size evolution
of a cluster, labeled as product 1, to particle crystals. A sharp peak
centered at m/z 13 k (a) obtained by operating at the threshold laser
fluence is assigned as ∼Ag75(PET)40 (product 1), with a hump at m/z of
27 k probably due to the dimer. Product 1 converts to product 2 (b),
exhibiting plasmonic absorption, with a mass of 70 k and a weaker feature
at 80 k tentatively assigned as Ag∼530(PET)∼100 and Ag∼561(PET)∼150,
respectively). Gradual heating allows assembly of plasmonic product 2 to
self-organized nanoparticles with definite periodicity (c) composed of
∼923 Ag atoms (Ag∼923(PET)∼351). Its dimer at 296 k has also been
observed (c). Insets of mass spectra show the corresponding photographs
and cartoon representations of the size evolution. In photograph (c′), a
black precipitate can be seen at the bottom of the sample vial, corresponding
to the SL. Reprinted with permission from ref 70, copyright 2013,
Wiley-VCH.
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NaBH4 was used for reduction and H2O2 was used for
oxidation) for Ag(I)SR, leading to the formation of AgQCs,65

and (2) a direct process that involves the reduction of Ag(I)SG
thiolates using NaBH4 in H2O/MeOH mixtures at basic
conditions.63

(d) Other Strategies. Bigioni et al.81 have synthesized crude
AgnSGm clusters by the reduction of Ag(I)SG thiolates with
NaBH4 in water. A series of clusters were isolated using gel
electrophoresis, and their optical properties were studied.
Compositions of these clusters were explored using electro-
phoresis by comparing their relative mobilities with the known
gold QCs. Later, Guo et al.82 studied the composition of one
of the clusters isolated from the sixth band of the gel. The
optical properties of the cluster are given in Table 1. Figure 5a
shows the ESI MS of the cluster at optimized conditions,
a series of multiply charged peaks corresponding to
[Ag32(SG)19]

q− are labeled on the spectrum, where q = 4, 5,
6, 7, and 8. This assignment was further confirmed by the
agreement between the experimental and calculated isotope
distributions of [Ag32(SG)19-4H]

4− (inset of Figure 5a).
Silver clusters of size ∼2.1 nm were synthesized by incu-

bating as-synthesized polydisperse Ag@SBB (SBB = thiolate of
4-tert-butylbenzyl mercaptan (BBSH)) clusters in the presence
of clean BBSH at 60 °C.60 Multiple characterization studies
revealed that their chemical composition is Ag280(SBB)120.
An interesting method reported by Yuan et al. is also added to
this list for synthesizing fluorescent metal nanoclusters (Au, Ag,
Pt, Cu).59 It involves the phase transfer of water-soluble non-
fluorescent metal nanoclusters (which were synthesized by a
common chemical reduction method) to the organic medium
by a phase-transfer agent. This method is mainly applicable to
the clusters whose surfaces are passivated by ligands that are
readily phase-transferable with cetyltrimethylammonium bro-
mide (CTAB). As-synthesized clusters in the aqueous phase are
nonfluorescent. In the toluene phase, after phase transfer, mild
etching takes place, and the resulting nanoclusters exhibit
strong fluorescence. Moreover, the fluorescent clusters can be
easily transferred back to the aqueous phase upon adding a salt
to remove the hydrophobic cation, CTA+.

Dhanalakshmi et al. showed the synthesis of red-luminescent
silver clusters protected by H2MSA, in milligram quantities by
the direct core reduction of Ag@citrate.61 This route provides
nearly pure clusters. On the basis of TG and elemental analysis,
the composition of the cluster was tentatively assigned to
Ag38SG24. An interesting protocol was reported62 by Indranath
et al. for the synthesis of highly stable red-luminescent ∼Ag75
clusters. It involves formic-acid-mediated reduction of silver
glutathionates in an aqueous medium at higher temperatures
(70 °C). Absorption peaks evolved with time at constant tem-
perature of 70 °C (Figure 5b). Here, Ag+ to reduction was ini-
tiated by electrons, which were produced by the decomposition
of formic acid. A well-defined spectrum with prominent peaks
appeared at the third hour of the reaction. Note that at these
temperatures, AgQCs usually undergo decomposition, resulting
in the formation of Ag2S nanoparticles.

84 The optical properties
of these clusters remain the same for several months at both
room and higher temperatures. So far, this is the first example
of the successful synthesis of Ag clusters in solution at higher
temperatures.
Silver clusters, namely, intensely and broadly absorbing

nanoparticles (IBANs), with high molar extinction coefficients
were reported by Bakr et al.64 The synthetic method belongs
to the category of traditional routes but with major altera-
tions. Briefly, IBANs were prepared through the reduction
of a silver salt solution in the presence of the capping ligand
4-fluorothiophenol (4FTP) in the usual, one-phase nano-
particle synthesis (4FTP/Ag = 2:1). Initially, 4FTP was stirred
with a silver salt in N,N-dimethylformamide (DMF) for 15 min,
followed by the addition of 4 molar excess of NaBH4 in DMF.
This resulted in a darkened nanoparticle solution with a UV/vis
absorption peak at 450 nm. Transparent yellow solution was
formed upon further stirring (4 h), indicating the disassociation of
nanoparticles to silver ions or silver thiolates. Remnant NaBH4 in
the resultant solution was activated upon the addition of a small
amount of water. Again, the solution turned dark and showed a
broad peak centered at around 490 nm in its UV/vis spectra. By
leaving the reaction at freezer temperatures (−4 °C) over several
days (∼less than 1 week), it transferred to IBANs. These IBANs
show eight distinct absorption bands with huge extinction cross
sections of 2.59 × 105 L mol−1 cm−1 (Figure 5c). Another report
presented the ESI mass spectrum of 4-FTP-protected IBANs
with high isotopic separation.80 It revealed that the compositions
of these IBANs are [Ag44(4FTP)30]

4− (Figure 5d). These clusters
tend to be magic clusters because of their closed electronic
shell (44e− − 30e− + 4e− = 18e−).
Interestingly, a few clusters, protected by dithiols, were syn-

thesized with slight changes in the common chemical reduc-
tion method. Dimercaptosuccinic acid (DMSA),71 lipoic acid
(LA),88 and polyethylene glycol (PEG)-appended LA89 are
some of the dithiols that can effectively passivate Ag clusters.
Among these, Ag7(DMSA)4 has been studied in some detail
in the literature. Electrochemical,72 theoretical,73 and mass
spectral74 studies have been done on this system. LA and rela-
ted dithiol-protected clusters are highly red-luminescent. The
quantum yield can be increased to ∼12%.89 Compositions of
LA-protected clusters are yet to be explored.
Among the Ag clusters described in the previous paragraphs,

some, such as Ag7,
71 Ag8,

56 and Ag9,
57 could be categorized

as small clusters, and others, such as Ag32,
82 Ag44,

80 ∼Ag140,
53

Ag152,
69 and Ag280,

60 can be categorized as bigger clusters.
Several of them have optimized protocols for their synthesis.
Optical absorption profiles of each of the above-mentioned

Addition of new protocols
(interfacial, solid-state, and gel-

mediated) and the resulting clusters
expose enormous opportunities to
study silver at the cluster level.

Chemical reduction with minor
changes in conditions such as
solvent, pH, the ligand, and so

forth are able to make molecular
silver clusters. Among the

well-characterized systems are
Ag7(DMSA)4, Ag44(4FTP)30,

Ag32(SG)19, and Ag280(SSB)120. More
are waiting to be characterized fully.
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clusters is different. The origin of optical transitions in silver
nanoclusters is yet to be understood. Some of these clusters
were used for applications in several fields. For example, alumina-
loaded Ag7,8 shows enhanced catalytic activity,75 and Ag7,8 shows
sensing of Hg2+.76 A report by Bootharaju et al.79 showed that
Ag9 could be used for the removal of pesticides for water puri-
fication. Silver clusters protected with −SG with unknown com-
positions were obtained through hydrazine (N2H4·2H2O) reduc-
tion. They were used for selective sensing of metal ions such as
Hg(II)86 and Pb(II).87 Protein-protected Ag15 clusters, in combi-
nation with mesoporous gold nanostars, could be used in the
visible detection of TNT down to zeptomolar concentrations.91

It indicates that application possibilities of these systems are
bright. List of various silver clusters reported and their
essential properties are listed in Table 1.

Stability of Silver Clusters. From the developments in gold
cluster research, it is evident that the effectiveness of the staple
motif, super atom electronic count, core stability against disso-
ciation, and a large HOMO−LUMO gap are the factors that
decide the stability of these systems.92 However, chemical
interactions too play their part in determining the above factors.
Stronger strength of metal−metal and metal−ligand bonds
helps to build a stable atomic structure and an effective pro-
tection of the core by the staple motif. The connection between
bond strength and stability was demonstrated experimentally
and theoretically.93,94 Clusters in the category of super atom
(systems satisfying the jellium model) also exhibit higher
stability than others. In the case of silver clusters, the Ag−Ag

and Ag−S interactions are weaker in comparison to Au−Au
and Au−S interactions (Au−Au > Ag−Ag; Au−S > Ag−S).
In addition, gold systems possess aurophilic attractions, and the
corresponding interactions are less in the case of Ag. These
advantages of Au in comparison to Ag help to span the gold
cluster research to a broad range of systems.
Practical difficulties to stabilize the silver clusters were

overcome by encapsulating them in polymer templates.63 The
degradation rates can be minimized by storing the cluster
samples in suitable solvent mixtures57 and at an optimized pH57

and, more importantly, keeping the cluster solution at lower
temperatures.64,71 Powder samples are more stable in com-
parison to their solutions. Some of these clusters are highly
stable even at ambient conditions (Ag32(SG)19). The stability of
the clusters can be easily understood by monitoring the UV/vis
of cluster solutions. Characteristic optical properties of a given
AgQC are very sensitive to pH, temperature, and solvents.56,82

In the case of less stable clusters, optical absorption spectra
undergo changes with time. We speculate that this happens
either by a change in the net charge of the cluster or by the
interconversion of isomers or due to the transformation of
cluster cores. Some absorption peaks in a particular sample are
sensitive, and they disappear rapidly. For example, we have
observed the disappearance of the 650 and 350 nm peaks with
time in sample G of Figure 2, leaving only an intense peak at
480 nm. It has to be noted that all of the peaks are arising from
the same sample, confirmed from gel electrophoresis. In the
first case, AgQCs may carry excess negative charge (evident in
the case of [Ag44(4FTP)30]

4−). It is possible to observe a variety
of absorption profiles for the same cluster by varying the charge
(4−, 3−, 2−, 1−, 0, 1+). It is known that minor changes were seen
in the case of [Au25(SG18)]

0 to [Au25(SG18)]
−. However,

crystallographic studies on these clusters are waiting for a better
understanding. Recently, there has been some progress in
this area due to the single-crystal analysis of AgQCs protected
by thiolate and phosphine ligands.95,96 These studies reveal the
different atomic structure of thiolated AgQCs in comparison to

Figure 5. (a) ESI MS of Ag32(SG)19. Multiply charged peaks are marked on the spectrum. The inset shows the comparison of the experimental
(black trace) and simulated (bars) isotopic distributions for [Ag32(SG)19-4H]

4−. (b) UV/vis absorption spectra of the growth of Ag75 clusters with
time. (Insets) Photographs of the reaction mixture during synthesis at 0 (I), 10 (II), and 20 min (III) and 3 h (IV). (c) UV/vis absorption of
Ag44(4FTP)30

4− and Ag44(2NPT)30
4−. (d) ESI MS of Ag44(4FTP)30

4−. The mass spectrum matches well with the calculated spectrum (blue and
black, respectively). (a) Reprinted with permission from ref 82; (b) reprinted with permission from ref 62, copyright 2012, RSC; (c,d) Reprinted
with permission from ref 80, copyright 2012, RSC.

Obtaining a desired AgQC de-
pends on a synthetic protocol.

Once these are synthesized, they
show huge applications in the
areas of sensors, catalysts, water

purification, and so forth.
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AuQCs, suggesting that new structural models may be needed
to understand AgQCs.
Alloy Quantum Clusters. Alloy nanoparticles (3−100 nm)

made up of Ag and Au were well-studied materials in the
recent past.97 However, efforts to obtain quantum alloy clusters
of these elements are very few. Reports include phosphine-
protected Au18Ag20

98 and Au13Ag12
99 clusters. Another kind of

material emerging in this area are the AunSRm analogues. There
are several successful reports for the synthesis of monodisperse
clusters of the type, AgnAu25−n(SR)18,

100 (AuAg)140(SR)60,
101

and Au38−nAgn(SR)24.
102 These were obtained by the simul-

taneous reduction of appreciable concentrations of silver and
gold salts in suitable conditions. Motivated by these reports,
theoreticians have predicted their structural details based on
DFT calculations.103 An important outcome from such cal-
culations is the preferential occupancy of silver on the surface
of a gold core. Both experiments and calculations have shown
that an increase in the number of silver atoms in Au140(SR)60
slightly decreases the optical band gap104,105 and alters the
electronic shell structure, which results in changes in the
optical transitions present in the high-energy region (interband
transitions). In the case of protein template AgAu alloy clusters,
only a few reports are available.106,107 Among the alloy clusters,
Au38−xAgx@BSA was well-characterized using MALDI MS.107

Synthesis and studies of alloy clusters in protein templates are
awaited.
Another way to produce alloy clusters is to use the advantage

of the galvanic exchange process at the atomic level. By the
addition of Au(I)SR to silver clusters at suitable conditions,
one can produce alloy clusters. Direct addition of Au3+ may
collapse the clusters. Murray et al. had reported the creation of
luminescent alloy clusters through this process.108 As compared
to the parent silver clusters, noticeable changes were observed
in the optical properties of alloy clusters. The same methodology
was applied on still smaller silver clusters, Ag7,8(H2MSA)8,
which eventually resulted in the formation of a 13-atom alloy
cluster.109 Its chemical composition, Ag7Au6(H2MSA)10, was
found from ESI MS along with elemental analysis. A galvanic
reaction between Au(I) thiolate and crude silver clusters
(Ag7,8(H2MSA)7,8) made this alloy cluster. Optical absorption
(350 and 692 nm) and luminescence (λex 390 and λem 650 nm)
were changed drastically as compared to the parent clusters.
Theoretical results suggested that the cluster possessed a
distorted icosahedral core. The simulated absorption spectrum
of this structure is in agreement with the experimentally
obtained spectrum. It is proposed that the clusters obtained in
the galvanic exchange process may carry gold on the surface
with silver in the core. It is in contrast to the clusters obtained
in earlier cases (simultaneous reduction of both metal salts).
If this is proven by future theoretical and experimental studies,
there is a possibility to have both “silver-covered” and “gold-
covered” alloy clusters with tunable electronic, optical, and
catalytic properties.
MS/MS Analysis. Most of the compositions of clusters were

determined by mass spectrometry. While soft ionization mass
spectrometry is an invaluable tool in determining the molecular
formulas of clusters, profound structural insights are derived
from MS/MS analysis (tandem mass spectrometry). As expected,
these kinds of studies were done initially on the well-known
cluster Au25SR18.

110 MS/MS studies on other magic gold clusters
are awaited. Recently, tandem mass spectrometry of Au18SG14
by Ghosh et al. showed the possibility of monolayer-protected
“super atoms” in the gas phase. Note that so far, we know only

about naked (unligated) gas-phase super atoms. Mass spectral
peaks of [Au18(SG)14-nH]

q− at m/z 1956.2, 1565.2, 1304.3,
and 1117.4 for q = 4, 5, 6, and 7 were subjected to MS/MS
analyses. Upon subjecting these peaks to MS/MS, we got
several fragments, which were all 8e− entities, that is, m − n +
q = 8, where m is the number of gold atoms, n is the number
of thiolate ligands, and q is the charge on the ligand. For
example, [Au18SG14]

5− underwent various types of dissocia-
tions and produced peaks of 4− charge during MS/MS at
various collision energies. MS/MS for other charged anions
also ended with cluster ions carrying 4− charge. All of them
satisfy the condition, m − n + q = 8. Here, the electron count
includes the charges on the ligands as well. At all collision
energies, super atom formation was observed.

MS/MS studies on Ag7(DMSA)4 show AgnS4
− (1 ≤ n ≤ 7)

species at various collision energies.74 The ions Ag7S4
−, Ag6S4

−,
Ag5S4

−, Ag4S4
−, Ag3S4

−, Ag2S4
−, and AgS4

− were formed
sequentially from [Ag7(DMSA)4]

2− with an increase in collision
energy (25, 40, 50, 70, 80, 90, and 100 eV, respectively). A
DFT-based global-minimum search further confirms that the
formed species are stable.
Perspectives. The science of quantum-confined cluster cores of

silver with ligand protection possessing well-defined molecular
formulas has attracted intense interest in the recent past.
Although a uniform synthetic strategy is not available to make
clusters of all kinds, available methods can produce a number of
cluster cores with several ligands. The most important property
of these clusters is their luminescence in the visible region and
the sensitivity of this luminescence to various analytes. The
composition of clusters can be varied by making alloys, and a
few of these are now available. The chemistry of the cluster
systems is beginning to evolve, and their specific reactivity
is a subject of attention. Noble metal clusters are now made in the
confinement of proteins, and applications of these systems are
evolving fast. The most immediate need in the chemistry of such
systems is crystallization and understanding the properties in a
size-dependent fashion. Early signs of expansion of the science
of silver clusters are evident from the recent reports. Utilization
of their properties in areas such as sensing, environmental
remediation, water purification, imaging, and diagnostics will
be important areas of exploration.
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ABSTRACT: Ion scattering using ultralow energy projectiles is
considered to be a unique method to probe the nature of
molecular surfaces because of its capacity to probe the very top,
atomically thin layers. Here, we examine one of the most studied
molecular solids, water-ice, using this technique. When ice surface
undergoes the amorphous to crystalline transition, an ultralow
energy reactive projectile identifies the change through the
reaction product formed. It is shown that ultralow energy (2, 3, 4,
5, 6, and 7 eV) CH2

+ (or CD2
+) collision on amorphous D2O (or

H2O) ice makes CHD+, while crystalline ice does not. The
projectile undergoes H/D exchange with the dangling −OD (−OH) bond present on amorphous ice surfaces. It is also shown
that H/D exchange product disappears when amorphous ice is annealed to the crystalline phase. The H/D exchange reaction is
shown to be sensitive only to the surface layers of ice as it disappears when the surface is covered with long chain alcohols like 1-
pentanol as the ice surfaces become inaccessible for the incoming projectile. This article shows that ultralow energy reactive ion
collision is a novel method to distinguish phase transitions in molecular solids.

■ INTRODUCTION

Deposition of water vapor on cold surfaces creates two
distinctly different forms of ice, amorphous and crystalline
analogues where the former has more than one variety.1,2

Distinction of these forms is important to conduct model
studies as both the amorphous and the crystalline forms have
unique chemical and physical properties. Since its first report in
1935, there have been numerous studies on the amorphous
form of water.3−5 While distinction of amorphous solid water
(ASW) and crystalline water (CW) is possible by X-ray
diffraction,3 the most common tool for differentiation is
infrared spectroscopy.5−18 Structural differentiation is possible
by other methods such as TPD,13,19 LEED,20 electron
diffraction,21 and TEM.11 However, this differentiation must
be made at the very top layer as it is the one that
accommodates gaseous species of atmospheric relevance.
Various ion scattering processes are used to understand
molecular solids, in general,22 and water ice, in particular, and
these methods are summarized elsewhere.23,24

Low energy ion scattering is a unique tool for surface
characterization, especially for molecular surfaces. Reactive
collisions can distinguish adsorption geometry as well as the
molecular nature of the collision partner. Ions at extremely low
energy, of the order of few tens of electronvolt or less, are
sensitive to the very top of molecular films,25 especially the first
chemical bond at the vacuum−surface interface. The ion
scattering yield varies with the nature of the surfaces, and
surface structure differentiation is possible from scattering yield
measurements.26 Such changes are due to the difference in the
extent of neutralization, trapping, and accommodation.

However, reactive collision in which the scattered ion
undergoes chemical transformation by abstraction,27 ex-
change,28 or dissociation29−33 can also be characteristic of the
structure of the surface. When the ion energy is low, of the
order of a few electronvolt, this collision event is extremely
surface sensitive to the very first chemical bond of the air/
vacuum−surface interface and therefore can distinguish
structure, specific to the top layers.25 Ion/surface collisions in
the low energy regime need not always be reactive, and such
processes have been used to characterize molecular diffusion,34

nature of surface species,35 and surface transformations.36 For
example, we have found a new surface transformation at ∼110
K for ASW, and this transformation is noticeable in a film of six
or more monolayers of ice. While scattering events have been
shown to be sensitive to the nature of the surface (amorphous/
crystalline), there has been no report of distinguishing them by
reactions.
In this work, we show that exchange reactions of specific ions

can distinguish amorphous and crystalline ice. Such reactions
occurring under 10 eV are specific to the first chemical bond,
and therefore the information derived is unique in comparison
to other techniques described earlier. Variation of reactive ions,
easily achievable in mass spectrometry, can be used for such
structural distinction for other ice. As ion doses are low in this
static experiment, the properties of the surfaces can be retained
even after prolonged periods of irradiation.37−40
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■ EXPERIMENTAL SECTION

The instrumental setup and an outline of the experimental
procedures are given elsewhere.34,35 The low energy collision
experiments and the precautions used were described earlier.36

Briefly, the experiments described here were conducted in a
double-chamber ultrahigh vacuum (UHV) system with a base
pressure of <5.0 × 10−10 mbar. Each region of the system is
pumped by a Pfeiffer Vacuum (TMU 261) 210 L/s
turbomolecular drag pump. These two pumps are backed by
another Pfeiffer Vacuum (TMU 071P) 60 L/s turbomolecular
pump, which is further backed by a Pfeiffer Vacuum (MVP
055) 3.3 m3/h dry pump. The electron impact (EI) source
from ABB Extrel was used to generate positive ions. These ions
are extracted from the source and transferred into a quadrupole
mass filter (Q1) through a set of einzel lenses. Ion kinetic
energy was controlled by varying the ion source conditions and
tuning the rest of the optics. The scattered ions are detected by
another quadrupole (Q3). All of the quadrupoles and control
electronics are from Extrel Core Mass Spectrometry.
A high-precision UHV specimen translator with xyz axis

movement and tilt was used. Polycrystalline copper was used as
in previous experiments as the substrate for preparing
amorphous and crystalline ice films.27,41 Substrate plays a
crucial role in determining the quality of the grown film. Yet, in
the present case, the substrate effect is negligible due to higher
coverages used. It may be noted that the dewetting temperature
is much higher (∼160 K) for 50 monolayer (ML) ice films.42

The ice film grown at 120 K in ultrahigh vacuum is known to
be amorphous in nature and of low porosity, while deposition
above 140 K results in crystalline ice (CW).43 The ice surface is
prepared by exposing the cold substrate to water vapor at a
specific pressure as described below.
The copper surface was grounded in all of the experiments.

By varying the potential of the ion source block and tuning the
rest of the ion optics, it was possible to produce a beam current
of 1−2 nA for the mass selected ions. Various ions collide with
the surface at an angle of 45° with reference to the surface
normal, and the scattered ions were analyzed by a second
quadrupole. The ions in the entire scattering region feel the
same potential, and the einzel lenses on either side of the target
surface are nearly at the same potential. Thus, the ions are
subjected to a field free condition around the scattering center.
Scattering geometry is such that ions do not make a glancing
impact. The ion kinetic energy spread is largest at 1 eV, but
reduces significantly at higher energies.
Required projectiles were generated by ionizing CH4 (or

CD4 to produce CD3
+ and CD2

+) by electron impact and
subsequently selecting the desired ions through quadrupole
mass analyzer. CD4 was purchased from Aldrich. The liquids
used in our study (H2O, deionized water after triple distillation,
D2O, and 1-pentanol) were purified by many freeze−pump−
thaw cycles, before use. D2O (99.96% D isotopic purity) and 1-
pentanol were purchased from Aldrich. Molecular surfaces were
prepared by depositing the corresponding vapors and were
delivered very close to the substrate through a tube. The
exposure was controlled by a leak valve. The gas-line was
pumped thoroughly by a rotary pump to avoid impurities and
contamination. The distance between the gas delivery tube and
polycrystalline copper substrate was adjusted to obtain uniform
sample growth on the substrate. This was confirmed by our
previous experiments. When n-butanol (A) was deposited on
water ice (B), water molecules could not diffuse through n-

butanol layers at 120 and 140 K and get detected.44 This
observation confirms that the entire area under investigation
had uniform growth of A over B. Nonuniform coverages would
have made B to get detected. Delivery of molecules near the
substrate ensured that the vapors were not deposited in
unwanted areas. The deposition flux of the vapors was adjusted
to ∼0.1 ML/s. The thickness of the overlayers was estimated
assuming that 1.33 × 10−6 mbar/s = 1 ML. The 1 ML ice layers
have been estimated to contain ∼1.1 × 1015 water molecules/
cm2.45 In all of our experiments with ASW, the deposition
temperature was kept at 120 K, which is known to grow ASW
films.46 The pressure(s) of the gas(es) inside the scattering
chamber during deposition was 1 × 10−7 mbar. The films were
prepared on polycrystalline Cu substrate to make Cu@A (the
symbolism implies the creation of a layer of A over Cu). The
film thickness was large so that the underlying Cu did not have
any effect on the ice layer formed. The spectra presented here
were averaged for 75 scans, and the data acquisition time was
approximately 0.5 s per scan. The present instrumental setup
does not allow temperature programmed desorption (TPD)
measurements.

■ RESULTS
To check the distribution of ion kinetic energy (K.E.) of the
input beam, stopping potential measurement was performed at
Q1. In this measurement, Q1 was kept in the RF (radio
frequency)-only mode where it transmits all ions formed in the
source, and Q3 was set to transmit the desired mass.
Thereafter, a range of DC voltages are applied across the
quadrupoles to stop the desired ions. When the ions are
stopped at Q1, for example, the intensity of the ions falls to
zero. Figure 1 shows the results of stopping potential

measurements of 1, 2, and 3 eV CH2
+ ions. It is evident from

the figure that for 1 eV ion, the energy spread is 47%, which
reduces substantially (10%) in the case of 3 eV ions. With
further increase in the input ion kinetic energy up to 8 eV, the
spread decreases to 2% (data not shown). It is important to
note that this kind of ion energy spread is the best that has been
achieved so far in such instrumentation.23 Increased spread at
extremely low energy (1 eV) has been noted before.36 Stopping

Figure 1. Plot of CH2
+ stopping potential data at quadrupole 1 (Q1).

Results of a similar kind of stopping potential measurement performed
with quadrupole 3 (Q3) are shown in the inset. The experimental
scheme is shown at the bottom left.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp4016432 | J. Phys. Chem. C 2013, 117, 12146−1215212147



potential measurement in Q3 using CH2
+ (Q1 was set to select

the desired ion and Q3 was kept as RF-only mode) showed
little increase in energy spread in comparison to the stopping
potential data of Q1. Similar stopping potential experiment
using CH3

+ and CH4
+ revealed that other ions also followed a

similar trend (Supporting Information, item numbers 1 and 2).
The exchange experiment can be done with other ions too, but
with CH3

+ being a closed shell ion, exchange is not facile. In the
case of CH+, primary ion beam intensity was too low for low
energy ion scattering experiments.
Having established the ion kinetic energy distribution, we

performed ion scattering experiments to distinguish the nature
of the surfaces. In Figure 2a, 2 eV CH2

+ ion scattering spectrum

of D2O prepared at 120 K is shown where m/z 14 is due to
CH2

+, the incident projectile, while the new peak at m/z 15 is
assigned to CHD+, the H/D exchange product. We have
ensured that it is not due to CH3

+ by conducting CD2
+

collisions on H2O (to be discussed later). Scattering experi-
ments using other energy projectiles were also performed. After
these experiments, chemical sputtering47−49 experiments were
performed using 50 eV Ar+. The result is shown in Figure 2b.
Peaks at m/z 19, 20, 21, and 22 are assigned to H3O

+, H2DO
+,

HD2O
+, and D3O

+, respectively. This spectrum indicates that
all of the H/D exchange products remain present on the
surfaces. It may be noted that no such exchange products were
seen on the parent D2O ice surfaces. It also explains that H/D
exchange has taken place due to the collision of CH2

+ with
amorphous ice (D2O). Additionally, Figure 2c presents the
normalized intensity plot of CHD+ signal with respect to
increasing CH2

+ incident energy. This spectrum shows the
formation of more CHD+ as the kinetic energy of CH2

+

increases.
In the next set of experiments, CH2

+ was subjected to
collisions on crystalline ice (D2O), generated at 140 K (this
temperature was chosen because it is known to give crystalline
ice46,50). The results of those experiments are shown in Figure
3. It is evident from the figure that CHD+ signals are absent.
However, in this case, also H/D exchange takes place when

CH2
+ ion energy is raised to ∼8 eV. At this energy,

fragmentation of CH2
+ occurs, and fragments, such as CH+,

are believed to react at the surfaces. For further understanding,
the CH2

+ projectiles were replaced with CD2
+ and were

subjected to collide on amorphous ice (generated upon
condensing H2O vapor at 120 K). The exchange product,
CHD+, was observed here also. Subsequently, chemical
sputtering experiments were performed on the reacted surfaces.
The results are shown in Figure 4. All of the possible H/D
exchange products appeared in the sputtering spectrum. When
the CHD+ signal intensity was plotted with increasing CD2

+

kinetic energy (inset of Figure 4), it showed a shape similar to
that of CHD+ (upon CH2

+ collision with increasing kinetic
energy, Figure 2c). These results confirm that H/D exchange
occurs on amorphous ice by ultralow energy reactive projectiles
like CH2

+/CD2
+ (on D2O/H2O).

To understand the difference in reactivity of CH2
+ on

amorphous and crystalline ice, a control experiment was
performed at a lower projectile ion flux than the previous
experiments (so as to avoid ion-induced surface damage,
although insignificant at this energy range). At first, ultralow
energy CH2

+ was subjected to collide on amorphous ice (D2O),
and then the ice layer was annealed at 140 K to make it
crystalline. Figure 5 shows the results of an ultralow energy ion
scattering experiment performed on amorphous ice. As is
evident in the spectra, the H/D exchange is observable by the
appearance of CHD+ signal at 2 eV. At higher energy (8 eV and
above) surface-induced dissociation of the projectile led to the
generation of various other signals. This experiment was carried

Figure 2. (a) Ion scattering mass spectrum of 2 eV CH2
+ collision on

amorphous D2O at 120 K. The CHD+ signal at m/z 15 is also shown
separately in red with 5 times intensity enhancement. (b) Chemical
sputtering spectra upon 50 eV Ar+ impact on D2O surfaces, irradiated
with 1−10 eV CH2

+ for 3 h. (c) The CHD+ signal intensity with
respect to increasing incident energy of CH2

+. The experimental
scheme is shown as an inset.

Figure 3. Mass spectra observed upon collisions of varying energy
CH2

+ on 100 ML crystalline ice (D2O), generated at 140 K.
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out again by annealing the underlying ASW to CW. After that,
when the same experiment was carried out at the same energy
window on CW, no H/D exchange was found below 8 eV
energy (see Supporting Information, item number 4). The
reason is believed to be the chemical reactivity difference
between amorphous and crystalline ice surfaces with the
incoming projectile. The presence of free hydroxyl bonds on

ASW makes the H/D exchange possible with CH2
+, and,

consequently, the product CHD+ appears. However, there may
be other effects also that contribute to the chemical reactivity of
the two surfaces (see below). No observable H/D exchange
take place upon collision of CH2

+ on crystalline ice surfaces.
However, at a collision energy 8 eV and above, the reactive
projectile starts breaking down on the surface of ice, and it
generates fragmented products, which can make additional
reactions. So, reactive collision at this energy region is not
suitable to distinguish ASW and CW. To confirm the process of
formation of CHD+, 50 ML amorphous ice (D2O) surface was
covered with 200 ML 1-pentanol. After that, ultralow energy
CH2

+ was collided on it. Supporting Information item number
5 shows the scattered ion mass spectra observed upon collision
of 1, 2, 3, 5, 8, 10 eV CH2

+ on the condensed 1-pentanol
overlayer. It is evident from the spectra that the H/D exchange
product CHD+ is absent. After the ultralow energy collision of
CH2

+, chemical sputtering experiment was performed using 50
eV Ar+. The inset of Supporting Information item number 5
shows the resultant mass spectrum. The spectra resemble
normal chemical sputtering spectra of 1-pentanol. The
observation can be explained based on the following results.
On 200 ML 1-pentanol covered amorphous ice, reactive
collisions of ultralow energy CH2

+ did not yield any H/D
exchange, and no CHD+ signal appeared during the ultralow
energy ion scattering experiment. Additionally, CH2

+ did not
trigger any H/D exchange on 1-pentanol ice itself. Therefore, it
may be concluded that the amorphous ice surfaces (D2O) are
responsible for H/D exchange in the projectile; when
amorphous ice becomes inaccessible for the projectile (CH2

+)
due to the 1-pentanol overlayer, H/D exchange product does
not appear.

■ DISCUSSION
The study of stopping potential measurement revealed that
CH2

+, CH3
+, and CH4

+ follow a similar trend (Figure 1,
Supporting Information, item numbers 1 and 2). The stopping
potential experiments at Q3 showed that the ion kinetic energy
decreases slightly after colliding with the substrate (see Figure
1, inset). The reason for choosing low energy CH2

+ over CH3
+

and CH4
+ is the following. CH3

+ could not be used as it is a
closed shell ion, and hence its reactivity is very low toward
water molecules. CH2

+ (or CD2
+) and CH4

+ (or CD4
+) are

suitable ions for the purpose of this reaction as these are open
shell ions. CH4

+ was discarded as it did not produce CH3D
+ at

low energy; instead, it started breaking down on the ice surfaces
beyond 5 eV (Supporting Information, item number 3). All of
the aforementioned ions undergo thermoneutral reactions with
water ice surfaces. When CH2

+ was allowed to impinge on
D2O, the H/D exchange product CHD+ was seen. On the other
hand, this product is not observed during collision on
crystalline ice surfaces.
Results indicate that there are differences in chemical

reactivity between amorphous and crystalline ice surfaces as
mentioned before. There may be several effects that can affect
the change in reactivity of the surfaces in microscopic detail,
which include the difference in population of free hydroxyl
groups on the two ice surfaces, dewetting,20,51−56 film
morphology change due to collapse of pores,57 etc.
Crystallization-induced dewetting is unlikely to be playing any
role in this case as ice films are thick.36,58 Dewetting of ice films
grown on Cu(111) occurs around 160 K for a 50 ML film,36

and dewetting temperature increases with film thickness.56

Figure 4. Chemical sputtering spectra observed with 50 eV Ar+ on
reacted amorphous ice (H2O) formed after impact of 1−10 eV CD2

+

for 3 h. CHD+ signal intensity with increasing energy CD2
+ is shown in

one inset. Schematic presentation of the experiments is shown in
another inset.

Figure 5. Ion scattering spectra observed upon collision of 1, 2, 3, 5, 8,
and 10 eV CH2

+ on amorphous ice (D2O). Schematic presentation of
the experiment is shown in the inset.
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Note that our experiment is on 100 ML films conducted at 140
K. Morphology change due to the collapse of pores will not
contribute at 140 K as the pores collapse near ∼118 K.59 In
view of these facts, it is likely that free hydroxyl groups present
on the ice surfaces are responsible for the reactivity change.
Shen and colleagues reported coverage of dangling hydroxyl
groups on the liquid water−air interface to be one-quarter of
the available OH bonds.19,60 Amorphous ice surfaces have a
large number of dangling hydroxyl groups exposed to
vacuum.57,61,62 This population on the surfaces reduces when
the amorphous ice is annealed to the crystalline form due to
massive reconstruction that takes place during phase
transition.61 It may be noted that the absorbances of dangling
hydroxyl bands decrease to near zero values around 140 K.57

Thus, due to the large population of free hydroxyl groups on
the amorphous ice surfaces, a larger extent of H/D exchange
reactions occur here. On crystalline ice, the reaction does not
occur to the same extent, and CHD+ is not detected. However,
the formation of CHD+ is not ruled out as crystalline ice
surfaces also possess free hydroxyl groups on its surfaces.
Probably, the signal intensity is below the limit of detection in
the case of CW. The reaction is proposed to proceed as CH2

+ +
D2O → CHD+ + HOD, where CH2

+ and CHD+ are the gas-
phase species and are detected by the mass spectrometer.
Exchange reaction is a thermoneutral process. With increase in
CH2

+ kinetic energy, the H/D exchange product intensity
increases (Figure 2c). Two factors are mainly responsible for
this. First, scattering intensity increases with the increase in
incident ion kinetic energy. Second, above 8 eV kinetic energy,
the projectiles were fragmented on ice surfaces, and the
products opened another path for more H/D exchange. This
also contributed to the enhancement of the intensity of the
CHD+ ion. To establish this reason, ASW layers were prepared,
onto which ultralow energy CH2

+ were subjected to collide.
This collision results in normal H/D exchange due to the
presence of a large number of dangling −OD bonds on the
surfaces (Figure 5) as mentioned above. After that, when the
ASW was transformed to CW by annealing at 140 K, the same
ultralow energy projectile did not cause detectable H/D
exchange (Supporting Information, item number 4) product.
The role of ASW in the reactive collision was confirmed by
another investigation. First, 50 ML ASW (D2O) layer was
developed on Cu followed by 200 ML 1-pentanol layer. 200
ML thick 1-pentanol ensured that no D2O molecules diffuse
through the 1-pentanol layers and appear on the surface. On
this sandwich surface, when the ultralow energy CH2

+ was
impinged, no CHD+ signal was found. It is concluded that due
to the presence of solid 1-pentanol cover, reactive CH2

+ could
not interact with the dangling −OD of the ASW (D2O). Hence,
no H/D exchange product appeared. This was again confirmed
by 50 eV Ar+ sputtering spectra (inset of Supporting
Information, item number 5). The mass spectra consist of
peaks, which originate from the sputtering of 1-pentanol. These
control experiments confirm that the H/D exchange originated
from the interaction of ASW (D2O) surfaces with ultralow
energy projectile (CH2

+). Whenever the ASW surface was
modified or covered, low energy H/D exchange did not take
place. It can be further confirmed that this kind of ultralow
energy reactive scattering is extremely surface sensitive
particularly in the projectile kinetic energy range of 2−7 eV.

■ SUMMARY
This work shows that reactive projectiles of low energy react
differently with structurally different surfaces. CH2

+ with energy
in the range 2−7 eV are suitable in differentiating the nature of
ice surfaces. ASW (D2O) surfaces have dangling −OD groups
with which CH2

+ reacts and undergoes H/D exchange to yield
CHD+. Dangling −OD groups population on the surfaces
exposed to vacuum are very low on CW (D2O); therefore,
CH2

+ collisions with this kind of surfaces do not produce any
observable H/D exchange. Different experiments discussed in
this Article describe a suitable method to distinguish ASW from
CW with ultrahigh surface specificity.
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Figure S1. Stopping potential experiment of CH3
+
 performed at Q1. Inset shows the results of 

the same experiment performed at Q3. A schematic of the experiment is shown in another inset.  
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Figure S2. Stopping potential experiment of CH4
+
 performed at Q1. Inset shows the scheme of 

the experiment.  
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Figure S3. Mass spectra observed upon the collision varying energy of CH4
+
 on 100 ML ASW 

(D2O) generated at 120 K.  
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Figure S4: Mass spectra observed after collision of varying energy CH2
+
 projectile on crystalline 

ice (D2O) made after annealing of the amorphous ice layer.  
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Figure S5: Mass spectra recorded upon collision of ultralow energy (1-10 eV) CH2
+
 ion on 

condensed 1-pentanol grown on amorphous ice (D2O). CH2
+
 ion colliding with 1, 2, 3, 5, 8, 10 

eV kinetic energy is shown here. Inset shows the sputtering spectra upon the collision of 50 eV 

Ar
+
 ion on the substrate.  
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ABSTRACT: We report a facile and rapid (less than 15 min)
synthesis of atomically precise, dithiol-protected, silver
quantum cluster, Ag7(DMSA)4 (DMSA: meso-2,3-dimercap-
tosuccinic acid), through a modified solid state route. The as-
synthesized cluster exhibits molecular optical absorption
features with a prominent λmax at ∼500 nm. Composition of
the cluster was confirmed using various spectroscopic and
microscopic techniques such as electrospray ionization mass
spectrometry (ESI MS), X-ray photoelectron spectroscopy
(XPS), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and energy dispersive analysis of X-rays (EDAX). Clusters supported on neutral
alumina have been shown as better adsorbents for selective adsorption of cationic dyes (over anionic dyes) from water. This
selectivity for cationic dyes was evaluated by zeta potential (ζ) measurements. The efficiency of clusters for removal of dyes is
very high when compared to nanoparticles (NPs) protected with ligands (citrate and mercaptosuccinic acid (MSA)) possessing
similar chemical structures as that of DMSA. The higher efficiency of clusters for the removal of dyes is attributed to their smaller
size and large surface area compared to the NPs in addition to favorable electrostatic interactions between the clusters and
cationic dyes. Adsorption of dyes (cationic and anionic) was enhanced when dye molecules contain hydrogen bond forming
functional groups. Supported clusters have been reused up to five cycles without the loss of activity once the adsorbed dye is
extracted using suitable solvents.

■ INTRODUCTION

Research on monolayer-protected noble metal (Au, Ag, Cu, Pt,
and Pd) quantum clusters is progressively increasing due to
their unique and unusual optical, physical, and chemical
properties.1−6 These nanosystems are falling (in length scale)
in-between molecules and quantum dots/NPs. The typical
cluster size regime is less than 2 nm. Clusters of gold, protected
with both water- and organic-soluble ligands, are extensively
studied compared to silver analogues. Crystal structures of
some of the gold clusters, Au25(SC2H4Ph)18,

7,8 Au36(SPh-
tBu)24,

9 Au38(SC2H4Ph)24,
10 Au102(p-MBA)44,

11 and
{[Au24(PPh3)10(SC2H4Ph)5Cl2]

+},12 have been solved. The
crystallization of silver clusters is difficult as they are usually less
stable compared to the gold ones. However, the crystal
structure of Ag14(SC6H3F2)12(PPh3)8 has been obtained
recently.13 Silver and gold clusters exhibit applications in a
variety of fields such as catalysis,14 sensing,15,16 biology,17,18 and
electrochemistry.19 There are numerous methods in the
literature for the synthesis of these systems which include
interfacial etching,20 core etching,21 galvanic exchange,22

microwave irradiation,23 sonochemical methods,24 sunlight-
assisted methods25 and reactions in gel media.26 Protein-27 and
polymer-coated23 metal clusters have also been reported. The
important and desirable aspects to be considered in the
synthesis of clusters are easiness to handle the reaction, short

synthesis time and high yield of the product. One of the simple
methods to synthesize silver clusters is grinding the precursors
of metal and ligand in the solid state, followed by reduction
with a reducing agent. Using this method, Ag9(MSA)7

4 and
Ag152(SC2H4Ph)60

28 clusters have been synthesized. This
method is also extended for the synthesis of NPs of C60 by
grinding C60 powder using mortar and pestle.29

One of the important aspects of synthesis of clusters is
utilizing them for various applications. The luminescence and
absorption features of the clusters are very sensitive to metal
ions and molecules. This sensitivity is relevant to the
environment, particularly water. The luminescence of clusters
may be quenched or enhanced depending on the nature of
interaction with an analyte.30−32 Certain clusters exhibit
unusual reactivity with ions owing to their small size and
large surface area.33 In this paper, we use this emerging category
of materials for an application of relevance to developing
societies.
Organic dyes34 used in textiles, leather, printing, cosmetics,

and other industries34−36 are main water contaminants in
industrial areas. Presence of dyes in environment to a degree
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greater than the tolerable levels causes undesirable effects not
only on the environment but also on human health. The
potential toxicity of various azo dyes has been known for a long
time. Certain azo dyes are not being used since they are
carcinogens.37 Disazo dyes, based on benzidine, are also found
to cause cancer.38 The presence of these coloring materials in
water bodies adversely affects the photosynthetic activity of
aquatic life. Also, it reduces the light penetration and increases
the chemical oxygen demand (COD).39 Therefore, it is
important to remove them from wastewater. There are two
types of dyes, namely, cationic (D+) and anionic (D−). Removal
of dyes is not a simple task due to the resistance of dyes to
aerobic digestion and to biodegradability. Their resistance is
due to the presence of stable aromatic rings in their structures.
The most commonly used methods to decontaminate waste-
water from dyes are coagulation,40 adsorption,41,42 oxidation,43

membrane filtration,44 photocatalysis,34,45 biological treat-
ment,46 etc. Among these, all except adsorption are expensive
methods. There are many advantages in adsorption which
include simplicity of operation and flexibility in design, high
efficiency, recyclability, and insensitivity to toxic substances.
Adsorption is prominent when the surface area of the adsorbent
is large.
Nanomaterials are important in the purification of water as

they exhibit high surface area with a large number of active
adsorption sites.47 In the recent past, several nanomaterials
were explored in this context. Importantly, carbon-based
materials, such as graphene, graphene−metal/metal oxide
composites, carbon nanospheres (CNS), carbon nanotubes
(CNT), and activated carbon, show promising adsorption
capacities toward dyes.47,48 Other materials such as polymer-
based adsorbents, iron oxide NPs, bimetallic nanosystems,
clays, and zeolites are also used for the adsorption of dyes.36,49

When magnetic NPs are used as adsorbents, the separation of
dye-adsorbed NPs from water is achieved simply by using a bar
magnet. Noble metal nanoparticles (NPs) are shown to have
applications in water purification.50,51 As clusters are smaller in
size compared to NPs, they are expected to exhibit higher
surface area and reactivity.
In this paper, we report the facile synthesis and application of

atomically precise Ag7 cluster protected with meso-2,3-
dimercaptosuccinic acid (DMSA), having the formula
Ag7(DMSA4). It is prepared according to the method originally
reported for Ag9(MSA)7,

4 with some modifications in synthesis
conditions. Molecular formula of the cluster is obtained by
mass spectrometric analysis. The cluster was characterized
using various spectroscopic tools. The cluster was synthesized
in the solution phase previously by Z. Wu et al.,52 wherein,
synthesis was completed in 12 h. In our method, we achieved it
in less than 15 min. As-prepared clusters are supported on
neutral alumina and tested for the removal of rhodamine 6G
(R6G), methylene blue (MB) and malachite green (MG)
[which are cationic] and eriochrome black T (EBT), methyl
orange (MO) and methyl red (MR) [which are anionic]. We
found that our material shows selectivity toward cationic dyes
probably due to favorable electrostatic interactions. The effect
of substrate, alumina, was also evaluated. The efficiency of
clusters for the removal of dyes is compared with that of Ag
NPs protected with (i) trisodium citrate and (ii) mercapto-
succinic acid. Although silver is expensive than carbon and iron-
based materials for the removal of dyes, percentage loading of
cluster is very less (0.4 wt %). Synthesis of this cluster is easier
than other materials in terms of time, easy loading and other

factors. The material was found to be recyclable for large
number of cycles which makes the present clusters important
for this application.

■ EXPERIMENTAL SECTION
Materials. Silver nitrate (AgNO3; CDH, India), trisodium citrate

(TSC, Qualigens), mercaptosuccinic acid (MSA), meso-2,3-dimercap-
tosuccinic acid (DMSA), sodium borohydride (Sigma Aldrich), and
methyl alcohol were received from various laboratories and used as
such without further purification. Neutral alumina (60−325 mesh,
BSS) was supplied by SRL, India. The BET surface area of alumina
was 80.4 m2/g, and the mean particle size was 0.13 mm. Pore size
distribution was 50−60 Å. Dye molecules, rhodamine 6G chloride
(R6G), methylene blue (MB), malachite green (MG), eriochrome
black T (EBT), methyl orange (MO), and methyl red (MR) were
obtained from Sigma Aldrich and used as-received with no further
purification.

Synthesis of Ag7(DMSA)4. The Ag7(DMSA)4 cluster was
synthesized according to the method used for synthesis of
Ag9(MSA)7,

4 with some modifications. Briefly, 23 mg AgNO3 and
25 mg DMSA (1:1 mol ratio) were ground to get a reddish brown
thiolate (within 2−3 min.). After that, 25 mg NaBH4 powder was
added and grinding was continued for 3−4 min. A quantity of 6 mL
ice-cold water was added dropwise to the above mixture along with
grinding. The resultant black solution was poured into excess methyl
alcohol (nearly 15 mL) which was kept at 0−5 °C. The reddish brown
precipitate formed was washed 3−4 times by dispersion and
centrifugation using methyl alcohol to remove excess ligand and
excess reducing agent. Methyl alcohol was evaporated using a rotary
evaporator to get the cluster in powder form.

Preparation of Supported Clusters. A known quantity of cluster
in powder form was dissolved in a known volume of water which gives
a reddish brown solution. To this, a known amount of neutral alumina
was added followed by gentle shaking. This leads to the adsorption of
clusters on alumina surface which could be visually observed as the
intensity of the brown color of the supernatant decreases while the
colorless alumina becomes increasingly colored. At a certain stage of
alumina addition, the color of the solution disappeared completely.
The absence of cluster in the supernatant was ensured using UV/vis
absorption spectroscopy. At the point of surface saturation of alumina,
4 mg of cluster was adsorbed per 1 g of alumina (0.4 wt %).

Synthesis of Ag@citrate and Ag@MSA NPs. Citrate-53 and
MSA-protected20 Ag NPs were synthesized according to previously
reported protocols: (1) To a boiling aqueous solution of AgNO3,
trisodium citrate solution was added. Boiling was continued till the
solution turned yellow in color. A solution of Ag@citrate was cooled
under tap water. (2) The Ag@MSA NPs were synthesized by reducing
methyl alcoholic Ag(I)MSA thiolate with aqueous sodium borohydride
solution. The resulting black precipitate was washed several times with
methyl alcohol to remove excess ligand, and finally methyl alcohol was
evaporated to get NPs in powder form. Alumina-supported NPs were
prepared as described earlier (at a loading of ∼0.5 wt %). The ligand,
DMSA was supported on alumina (500 mg) by stirring a 5 mL
solution of DMSA (12 mg/mL, pH 10) at 500 rpm for 15 min. After
that, alumina was washed 4 times with distilled water to remove excess
DMSA. The presence of DMSA on alumina was confirmed using FTIR
spectroscopy.

Adsorption of Dyes onto Supported Clusters/NPs. For this
study, 500 mg of supported nanomaterial was separately treated with 3
mL of 5 ppm cationic and anionic dyes. These mixtures were subjected
to gentle shaking using a mechanical shaker for the required duration,
at room temperature (25 °C). For reuse of the used material, adsorbed
dyes were extracted into acetone/ethanol (three times, 4 mL each
time). Extraction of dyes was evident by the appearance of color of the
dye in the solvent. After extraction of the dye, the adsorbent material
was dried in ambience for about 1 min and used for successive
adsorption and desorption cycles. The capacity of adsorption (qe) of
dye was calculated using the equation qe = (C0 − Ce)V/m mg/g. Here,
qe is the adsorption capacity in mg of dye per gram of cluster excluding
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the mass of alumina, C0 and Ce are initial and equilibrium
concentrations, respectively, in the supernatant of dye solution
expressed in mg per liter, V is the volume of solution in mL, and m
is the mass of adsorbent in mg.
Instrumentation. UV/vis absorption spectra were recorded using

a PerkinElmer Lambda 25 instrument in the spectral range of 200 to
1100 nm. HRTEM of the samples was carried out using a JEOL 3010
instrument with a UHR pole piece. Specimens for TEM analysis were
prepared by placing one or two drops of aqueous solution on carbon-
coated copper grids and allowing them to dry at room temperature
overnight. All measurements were done at 200 kV in order to
minimize the damage to the sample by the high energy electron beam.
SEM images and EDAX studies were carried out using a FEI
QUANTA-200 SEM. For SEM measurements, samples were drop-
casted on an indium tin oxide (ITO)-coated conducting glass followed
by drying in ambience. The FTIR spectra were recorded using a
PerkinElmer Spectrum One instrument. KBr crystals were used as the
matrix for preparing the samples. XPS measurements were done using
an Omicron ESCA Probe spectrometer with polychromatic Al Kα X-
rays (hν = 1486.6 eV). The X-ray power applied was 300 W. The pass
energy was 50 eV for survey scans and 20 eV for specific regions. The
sample solution was spotted on a molybdenum plate and dried in
vacuum. Supported cluster powder was pressed as pellets and pasted
on the sample plate using conducting carbon tape. The base pressure
of the instrument was 5.0 × 10−10 mbar. The binding energy was
calibrated with respect to the adventitious C 1s feature at 285.0 eV.
Most of the spectra were deconvoluted to their component peaks,
using the software CASA-XPS. XRD data were obtained with a
Shimadzu XD-D1 diffractometer using Cu Kα (λ = 1.54 Å) radiation.
The samples were scanned in the 2θ range of 10 to 90°. The ESI mass
spectrometric measurements were done in the negative mode using
LTQ XL instrument, with m/z = 150−4000. Here, the spray and the
extraction are orthogonal to each other. The clusters obtained were
dispersed in 1:1 water−methanol solution and used for the
measurements. The samples were electrosprayed at a flow rate of 10
μL/min at a temperature of 150 °C. The spectra were averaged for 75
scans. BET surface areas of alumina and supported clusters were
measured on the basis of N2 adsorption−desorption isotherms using
MICROMERITICS ASAP 2020 Porosimeter. Zeta potential (ζ)
measurements were performed with a HORIBA instrument.

■ RESULTS AND DISCUSSION
Characterization of As-Prepared Material. As-synthe-

sized material was characterized by various analytical tools. The
absorption spectrum of Ag@DMSA in water shows a sharp
peak at 500 nm with a shoulder around 620 nm as shown in
Figure 1. These features indicate the absence of plasmonic NPs
which generally exhibit surface plasmon resonance around 400
nm.53 The photographs of as-prepared clusters in powder and
in solution form (a and b, respectively) are shown as insets of
Figure 1. Inset c is a cartoonic representation of the silver
cluster protected by DMSA ligand.
As-obtained Ag@DMSA was subjected to electrospray

ionization mass spectrometry (ESI MS). Negative mode ESI
MS of the cluster in a 1:1 water−methanol mixture, up to m/z
= 4000, is shown in Figure 2. It consists of only two major sets
of peaks around m/z = 720−800 and 480−540. After careful
analysis, these were assigned to doubly and triply charged
Ag7(DMSA)4 ions, respectively, as shown in Figure 2.
Expanded view of the spectrum of the doubly charged ion is
shown as inset a. On top of graph (a), expected positions for
the addition of 0−6 sodium ions are depicted. The MS consists
of a series of peaks separated by m/z = 11. This observation
confirms the presence of sodium (mass 23) in the doubly
charged ions, which substitutes hydrogen, explaining the mass
difference (Na−H, 22/2 = 11). Presence of sodium is due to
sodium borohydride used in the synthesis. As the DMSA ligand

is a dicarboxylic acid, carboxylic groups can interact with
sodium ions. Since there are 8 ligands in the cluster, we can see
6 sodiums added and the remaining two carboxylates are
contributing to overall charge. To confirm the chemical formula
for this ion, the mass spectrum was calculated for the formula
[Ag7(DMSA)4H5Na]

2− and compared with the experimental
spectrum (inset b). Experimentally observed peaks match well
with the calculated peaks confirming the validity of peak
assignments.
The spectrum of triply charged ion is expanded and shown in

Supporting Information, Figure S1A. The separation of peaks is
at a mass of 7.3 which corresponds to the mass of sodium (7.3

Figure 1. UV/vis absorption spectrum of as-synthesized Ag@DMSA
cluster. Insets are photographs of the as-prepared cluster in powder
and aqueous solution forms (a and b, respectively). Schematic
representation of the cluster is shown in inset c.

Figure 2. ESI MS of as-synthesized silver clusters (in 1:1 water−
methanol volume ratio) in −ve mode. Insets are expanded views of the
spectrum of doubly charged species along with sodium adducts. Inset
a: Expanded view in m/z = 730−810 range corresponding to the
addition of 0−6 Na. Inset b: Expanded view in m/z = 745−752 range
corresponding to one sodium addition, [Ag7(DMSA)4H5Na]

2‑. Each
peak in the m/z = 730−810 window shows similar isotope
distribution.
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× 3 = 22, substitution of Na in place of H corresponds to the
mass difference 22). Similar to the spectrum of the doubly
charged ion, there are five peaks corresponding to the five
added sodium ions. The remaining three carboxylate groups
(out of eight) are contributing to the charge on the ion. For
further confirmation, the calculated mass spectrum for the
formula [Ag7(DMSA)4H5]

3− is compared with the experimen-
tal mass spectrum. The peaks match very well (inset of Figure
S1B). For additional confirmation, one can go for MS2 of a
particular ion. MS2 of the species at m/z = 747.4,
corresponding to the mono sodium salt of the doubly charged
species [Ag7(DMSA)4H5Na]

2− is shown in Figure S1B at a
nominal collision energy of 15 eV. The major peak is at m/z =
673.4, corresponding to the loss of one DMSA ligand without
sulfur [74 = (180−32)/2]. This confirms the assignment. The
MS2 of other species also shows the loss of ligand minus the
bonded sulfur, as observed in the previous report.52 Formation
of cluster composition is proved using other spectroscopic
tools. Comparison of the FTIR data (Figure S2) of the cluster
and the lignad shows the absence of S−H stretching frequency
(at 2550 cm−1 in parent DMSA) in the cluster, indicating the
binding of Ag with the ligand through the S atom. The other
characteristic peaks of the ligand are also present, but they are
shifted and broadened with respect to that of the parent ligand.
This shift and the broadening again confirm the protection of
the cluster by the DMSA ligand. SEM-EDAX analysis of the
cluster confirms the presence of main elements, Ag, S, and Na,
as shown in Figure S3. A large aggregate of clusters was mapped
using EDAX. The quantification table of elements suggests the
atomic ratio between Ag and S as 0.90 which is close to the
composition obtained from MS analysis (0.88). An XPS survey
spectrum of the cluster clearly shows the presence of the
expected elements, C, S, O, Ag, and Na (Figure 3A). Ag 3d5/2 is
at 368.0 eV (Figure 3B) which is in between that expected for
Ag+ and bulk Ag0 (367.5 and 368.2 eV, respectively).22 This
shows silver to have more reduced character (Ag0). Insets of
Figure 3A are C 1s and S 2p regions. The C 1s peaks appearing
at 285.0, 288.0, and 290.0 eV are assigned to C in C−C,
−COO, and possibly, −COONa, respectively. The S 2p3/2
peak, appearing at 162.0 eV, confirms the presence of S in the
thiolate form. Although, MS analysis suggests the presence of a
free S−H, we detect in XPS only one type of S. The atomic
ratio between Ag and S is found to be 0.91 which is also close
to the ratio obtained from MS analysis. TEM (Figure S4A) of
cluster confirms the absence of NPs. However, after electron
beam irradiation, there was growth of clusters to form
aggregates (inset of Figure S4B). This sensitivity to electron
beam is common for several silver clusters. XRD also confirms
the absence of diffraction peaks corresponding to the NPs or
bulk silver (Figure S4B). From all of these observations,
formation of clusters in pure form is confirmed.
Application of Clusters in Removal of Dyes. For this

study, Ag7(DMSA)4 clusters were supported on neutral
alumina. The advantage of supported clusters is their
recyclability. The supported clusters were characterized using
SEM-EDAX and XPS techniques. SEM-EDAX analysis shows
the presence of the elements in the cluster, Ag and S (Figure
S5). The XPS data show the presence of Ag in the zerovalent
state as that of parent clusters. Visual inspection of the parent
alumina and supported clusters (photographs in Figure 4)
support the adsorption of clusters. Nearly 500 mg of supported
clusters was treated with 3 mL of 5 ppm R6G for 10 and 15
min. The absorption spectra of residual R6G were recorded and

the data are shown in Figure 4F. Effect of bare alumina on
adsorption of dye was also checked under the same
experimental conditions (Figure 4F). In 10 min, clusters
adsorb more than 80%, and in 15 min, it is 99.7%, whereas, bare
alumina adsorbs only about 23% in 15 min. This clearly
confirms the favorable capacity of supported clusters for R6G
removal. The photographs of R6G-adsorbed supported cluster,
5 ppm R6G solution, and R6G solution with supported cluster
are shown in Figure 4, panels C, D, and E, respectively. The
colors of the materials confirm the adsorption of clusters and
R6G. The other confirmation for adsorption of R6G is the
observation of luminescence from R6G under UV lamp (inset
of Figure 4C).
The zeta potentials (ζ) of as-prepared clusters (unsup-

ported), R6G (1 ppm), and R6G-treated clusters were
measured to understand the nature of the interaction between
the cluster and R6G at equilibrium at pH (6.3). As
Ag7(DMSA)4 clusters possess carboxylate groups, they exhibit
negative zeta potential (−75.7 mV), whereas R6G appears
almost neutral (ζ = −0.1 mV). After addition of R6G to the
cluster, a decrease in the zeta potential of the cluster (−56.6
mV) was observed at room temperature, indicating charge
neutralization due to electrostatic attraction between two
oppositely charged ions (inset of Figure 4F). XPS analysis of
R6G-treated supported clusters was done to check the change
in oxidation state of silver after interaction with the dye (Figure
5). Survey spectra of supported clusters before and after
treatment of R6G show the presence of expected elements, Al,
C, O, S, and Ag from clusters (Figure 5A). The Ag 3d5/2 peak

Figure 3. (A) XPS survey spectrum of silver clusters in which the
various features are labeled. Insets are C 1s and S 2p regions. (B)
Expanded spectrum in the Ag 3d region.
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observed at 368.1 eV (assigned to Ag0 in supported clusters)
was not changed after R6G uptake (Figure 5B). This clearly
indicates that the uptake of R6G is due to adsorption. Another
proof of adsorption is the UV/vis absorption spectrum of
adsorbed dye, after extraction with acetone. The spectrum is
the same as that of the parent dye (inset of Figure 5A). The
spectrum further proves that no cluster is released back into the
solution.
Kinetics of Adsorption. For this study, adsorption of 5 mL

of 1 ppm R6G on 100 mg of supported cluster was monitored
with time in batch. The residual concentrations of R6G in
solution after treatment for different time intervals were
determined by knowing the absorption intensity at 526.8 nm
with reference to a standard calibration curve of R6G. The
kinetics of R6G adsorption could be fitted to pseudo first order
and pseudo second order equations (Figure S6). For
determining the adsorption capacity of clusters for R6G, MB,
MR, and MO, 250 mg of loaded cluster was treated with 5 mL
of 5 ppm dye solutions for 45 min. The adsorption capacities of
R6G, MB, MR, and MO are found to be 17.2, 16.4, 3.2, and 0.2
mg/g of cluster, respectively. The efficiency of supported
clusters for R6G adsorption was compared with that of alumina
alone, DMSA on alumina, and alumina supported NPs of Ag@
citrate and Ag@MSA (sizes of Ag NPs were 30−60 and 15−25
nm, respectively, and loading of these materials on alumina was

∼0.5 wt %, comparable to that of clusters) under the same
experimental conditions (500 mg material was treated with 3
mL of 5 ppm R6G for 15 min.). Under these conditions, the
percent removal of R6G by (i) alumina, (ii) cluster, (iii) Ag@
MSA, (iv) Ag@citrate, and (v) DMSA (ii, iii, iv, and v being
supported on alumina; presence of DMSA on alumina was
confirmed by FTIR analysis) were 22.4, 99.7, 30.0, 29.6, and
29.8%, respectively (Figure S7). These results clearly highlight
the importance of clusters for nearly complete adsorption of
dye. The reasons for the large adsorption by clusters are their
smaller particle size and large surface area which were
confirmed by BET surface area measurements. The BET
surface areas of alumina and supported clusters were 80.4 and
99.2 m2/g, respectively. The other reason may be the increased
number of functional groups in the cluster (due to small size)
compared to nanoparticles for a given quantity of material. The
increased reactivity and adsorption capacity of smaller clusters
[Ag9(MSA)7] compared to nanoparticles are observed in
reaction with halocarbons.54 The higher efficiency of a
supported cluster than a supported ligand may be due to the
difference in density of functional groups on the alumina
surface. For supported clusters, there is possibility for a large
number of functional groups per adsorption site due to three-
dimensional arrangements of ligands on the cluster (see below
in Scheme 1). In the case of ligand alone, there is a maximum
of two functional groups per adsorption site.

Recycling of Supported Clusters. About 500 mg of
supported cluster (0.4 wt % loading) and 3 mL of 5 ppm R6G
were shaken in a conical flask for 15 min using a mechanical

Figure 4. Photographs of bare alumina (A), cluster-loaded alumina
(B), 5 ppm R6G adsorbed on supported clusters (C), 3 mL of 5 ppm
R6G (D), and D + 500 mg of supported clusters (E). Inset of C is the
photograph of material in C under UV lamp. Scale bar is 1 cm. (F)
UV/vis absorption spectra of residual R6G solutions treated with 500
mg of various materials for 10 and 15 min. Inset of F is a of table of
zeta potentials (ζ) of the unsupported cluster and the cluster treated
with R6G at an equilibrium pH of 6.3.

Figure 5. (A) Survey spectra of supported silver clusters before and
after R6G adsorption (black and red traces, respectively). (B)
Comparison of Ag 3d region. Inset of A is the UV/vis absorption
spectrum of extracted R6G from supported clusters. Extraction was
done using acetone.
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shaker. After that, the mixture was centrifuged for 5 min at
5000 rpm. Absorbance of the supernatant was measured, and
the concentration of R6G in it was calculated using a calibration
curve (Figure S8). After centrifuging, the solid material was
rinsed 3 times with 3 mL portions of acetone/ethanol. The
progress of extraction of R6G into the solvent could be seen by
the color change. After removing all of the solvent, the material
was used for next cycle of dye adsorption. All of these steps
were followed for 6 cycles. In each cycle, the % of R6G removal
was calculated using the absorbance at 526.8 nm (Figure 6A).
The removal capacity decreases in successive cycles (Figure
6B). Nevertheless, the removal capacity is 92.2% even in the
sixth cycle.
Selectivity of Dye Removal. We found that the clusters

are selective toward cationic dyes, whereas they poorly adsorb
anionic dyes. For testing the selectivity, we have chosen three
cationic (R6G, MB, and MG) and three anionic (EBT, MR,
and MO) dyes, the chemical structures of which are shown in
Figure 7A. For selectivity studies, we treated 500 mg of loaded
cluster with 3 mL of 5 ppm solution of each dye separately.
After 15 min, the residual concentration of dye left behind was
determined using absorption spectroscopy. A calibration curve
was constructed for each dye. Interestingly, only cationic dyes
are adsorbed in contrast to anionic dyes. To know the reason
for selectivity, zeta potentials were measured. We found that,
after the addition of cationic dyes into clusters (unsupported),
the negative charge of the cluster gradually decreased, whereas
the zeta potential increased slightly on addition of anionic dyes.
The decrease of the negative charge on cluster is due to the
electrostatic attraction of the positively charged cationic dye
with the anionic cluster. In the case of anionic dyes, repulsion
between negative charges of carboxylate groups of the cluster
and of dyes operates against effective adsorption. The
adsorption behavior of the system was also tested in tap
water, and the efficiencies were found to be similar (99.7 and
99.3% in distilled water and tap water, respectively, for R6G).
Monitoring the adsorption of a mixture of cationic dyes was

difficult by absorption spectroscopy as their absorption maxima
are similar.
Among the cationic dyes, R6G and MB are prominently

adsorbed whereas MG shows ∼50% adsorption (Figure 7B).
Data suggest that, besides ionic interactions, functional groups
are also important in deciding the extent of adsorption. R6G
possesses ester and other oxygen functionalities which can form
hydrogen bonding with carboxylate groups of the cluster. In the
case of MB, the sulfur atom (Figure 7A) shows affinity toward
the Ag cluster. However, in MG, there are no such
functionalities except the positive charge. These are possible
reasons for the varying adsorption capacities of R6G, MB, and
MG. EBT and MR are negatively charged dyes, and they show
small but definite adsorption. EBT has two −OH groups and
MR has one carboxylate group which would form hydrogen
bonding39 with the cluster functionalities. MO has one sulfonic
group which also can form hydrogen bonds but shows poor
adsorption. The most probable reason for the poorest
adsorption of MO is strong electrostatic repulsion between
clusters and MO than in the case of MR. In the case of MO,
negative charge can be delocalized on three oxygen atoms,
whereas in MR it is on only two oxygens. It is also well-known
that the sulfonic group has a higher electronegative center due
to its strong electron withdrawing nature than carboxylic
groups. These are the probable factors that are responsible for
adsorption of the two (EBT and MR) anionic dyes. Above
observations are depicted in Scheme 1. Adsorption capacities
(qad) of silver clusters for R6G, MB, MR, and MO are 17.2,
16.4, 3.2, and 0.2 mg/g of cluster, respectively. These values
suggest that qad(D

+) ≫ qad(D
−). Cationic dyes were efficiently

adsorbed by anionic clusters, whereas anionic dyes were not.
Adsorption of both cationic and anionic dyes was enhanced by
the presence of hydrogen bonding functional groups.

Scheme 1. Schematic Representation of the Interaction of
Cationic and Anionic Dyes with Ag7(MDSA)4 Clusters
Supported on Aluminaa

aCationic dyes interact with carboxylate groups of DMSA through
electrostatic interaction. Anionic dyes do not show a strong tendency
for adsorption. Adsorbed dyes can be extracted using acetone/ethanol,
and the supported adsorbent could be used for the next cycle. For
clarity, only two ligands per cluster are shown. The sizes of cluster and
ligands in the scheme are not to scale.

Figure 6. (A) UV/vis absorption spectra of residual R6G left in the
supernatant after treating the dye solution with supported clusters at
different cycles (1−6). (B) Histogram of percent removal of 5 ppm
R6G in different cycles. Error in the evaluation of adsorption efficiency
is less than 1%.
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■ SUMMARY AND CONCLUSIONS
We have synthesized atomically precise silver quantum clusters
protected with the dithiol, Ag7(DMSA)4, using a modified solid
state route which takes just about 15 min. The cluster was
characterized using several spectroscopic and microscopic
analytical tools. The chemical formula of the cluster,
Ag7(DMSA)4 was determined by ESI MS and was confirmed
by MS/MS. These clusters, after supporting on alumina,
selectively remove cationic dyes. The capacities for the removal
of R6G and MB are 17.2 and 16.4 mg/g, respectively. The large
capacity of clusters for the removal of dyes, compared to NPs, is
attributed to the smaller size and the larger surface area.
Possible reason for the preferred adsorption of cationic dyes is
electrostatic attraction between the clusters and dyes. Hydro-
gen bond formation may enhance the adsorption of cationic
and anionic dyes when they contain hydrogen bond forming
functional groups such as −OH. The supported cluster based
adsorbent is reusable after simple extraction of the adsorbed
dyes with solvents. Although silver is expensive, the cluster
loading is only 0.4 wt %. Small quantities of the material and
recyclability make the system useful for water purification
applications.
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Figure S1. A) ESI MS of as-synthesized silver clusters (in 1:1 water-methanol) in the –ve mode. Peaks 

corresponding to sodium adducts of triply charged ion are shown above the spectrum. B) MS2 of m/z 

747.4 at a collision energy of 15 eV. Inset of B is a comparison of the calculated and experimental 

peaks of [Ag7(DMSA)4H5]3-. 
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Figure S2. Comparison of FTIR spectra of the ligand, DMSA (black trace) and silver cluster (red trace). 

Region of S-H stretching frequency (around 2550 cm-1) is marked with dotted ellipses in both the 

spectra. Absence of S-H stretching frequency in the cluster confirms the binding of both the thiols of 

DMSA on the Ag cluster.  
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Figure S3. SEM-EDAX spectrum of silver clusters. Insets show the SEM image of an aggregate of 

clusters and elemental maps of Ag, S and Na (a, b, c and d, respectively). Quantification table of 

elements is also seen (inset e).  

 

 

 

Figure S4. TEM image (A) and XRD pattern (B) of silver clusters. Inset of B is a small area TEM image 

of clusters after 4 min. of exposure to the electron beam. Arrows indicate regions where the growth of 

clusters to aggregates, due to irradiation of electron beam, has taken place.  Due to electron beam-

induced aggregation, TEM is not a good tool to understand such sensitive clusters. 
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Figure S5. SEM-EDAX spectrum of silver clusters loaded on alumina showing the presence of Ag and 

S from clusters. Inset is a large area SEM image of the same sample.  

 

 

   

    

    

    

    

    

  

 

 

Figure S6. A) Calibration curve for R6G concentration. B) UV/Vis absorption spectra of residual R6G in 

dye solutions after treating with supported clusters. C) Plots of residual R6G and adsorption capacity 

(qt, mg/g) with time. The kinetics followed pseudo first and second orders. 
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Figure S7. A) UV/Vis absorption spectra of residual R6G after treating with support (alumina), 

supported clusters, supported ligand, DMSA and supported silver nanoparticles protected with citrate 

and MSA. B) Histogram of % removal from 3 mL, 5 ppm R6G by supported nanomaterials. C) FTIR 

spectrum of DMSA supported on alumina.  
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Figure S8. A) UV/Vis absorption spectra of residual R6G in the dye solution after treating with 500 mg 

of supported silver cluster for 0 and 15 min. B) UV/Vis absorption spectra solutions of R6G with 

different concentrations. Absorbance values at 526.8 nm are used for constructing calibration graph. C) 

Calibration plot for R6G.  
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Sunlight mediated synthesis and antibacterial
properties of monolayer protected silver clusters†

Indranath Chakraborty,‡ T. Udayabhaskararao,‡ G. K. Deepesh and T. Pradeep*

Glutathione protected, silver clusters were synthesized within gel cavities, using sunlight. Compared to the

conventional chemical reduction process, this method is cheaper and environmentally friendly as it involves

the use of natural resources. The as-synthesized silver quantum clusters in aqueous medium show a distinct

step-like behavior in their absorption profile. They have been characterized with various spectroscopic and

microscopic techniques such as UV/Vis Spectroscopy, Luminescence Spectroscopy, Fourier Transform

Infrared Spectroscopy (FTIR), High Resolution Transmission Electron Microscopy (HRTEM), and X-ray

Photoelectron Spectroscopy (XPS). Polyacrylamide gel cavities seemingly control the growth of the

particles. The cluster synthesis is scalable by increasing the amount of reagents yielding hundreds of

milligrams in a single step. The antibacterial properties of the as-synthesized Ag clusters were studied

against aGramnegative andGrampositiveorganism, Escherichia coli and Staphylococcus aureus, respectively.
Introduction

Few-atom noble metal clusters (or quantum clusters, QCs) with
discrete electronic structures, exhibiting distinct HOMO–LUMO
transitions in optical absorption,1–4 intrinsic magnetism,5,6

enhanced photoluminescence,7–12 and modied redox proper-
ties13–18 are interesting new materials. These properties are
fundamentally different from the larger metallic nanoparticles
which exhibit surface plasmon resonance arising from the
coherent oscillations of free electrons in the conduction band.19

QCs are good candidates for applications in areas such as
catalysis,20,21 nanoelectronics,14 sensing,22,23 etc. Several such
clusters of noble metals have been synthesized using various
templates such as peptides,24,25 thiols,26–29 dendrimers,31 and
proteins.31–34 Among them, the thiol protected ones are more
intensely studied with diverse techniques as well-dened
compositions can be obtained.10,16,27–29,31,35–38

A variety of chemical and physical methods have been
developed to produce them and most of the synthetic routes are
limited to gold QCs. Although gold and silver belong to the
same group, because of differences in their chemical reactivity,
the area of silver QCs has not expanded signicantly.39 It is
expected that silver may be a better system for sensor applica-
tions due to the high extinction coefficient.40 In our group, we
have demonstrated the possibility to synthesize thiol protected
rtment of Chemistry, Indian Institute of
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silver clusters using interfacial41 and solid state routes.29

Glutathione protected clusters may be made through a high
temperature nucleation route as well.24 Jin et al. reported
dimercaptosuccinic acid protected Ag7 quantum clusters.42

Kitaev and Cathcart, reported glutathione (SG) protected silver
clusters in a single step.27 In all of the cases, synthesis involves
the use of chemical reducing agents such as NaBH4,29,43

HCOOH,24 etc. However, it's a challenge to material chemists to
synthesize the desired materials using natural resources.44 To
the best of our knowledge, no reports are available on the
synthesis of GSH protected silver QCs using sunlight, although
several reports are available to make plasmonic nanoparticles
using natural sources such as light irradiation45,46 and by using
materials of plant origin.47 There are also other methods such as
microwave irradiation.48 Some reports are also available for
visible light photoactivated clusters.49–51 Herein we report the
synthesis of luminescent (QY ¼ 5 � 10�3) silver QCs protected
by glutathione using sunlight, without a chemical reducing
agent. The products have been isolated, characterized and
applied.
Results and discussion

Initially, the silver thiolate containing polymerized gel appears
transparent. Upon exposure to sunlight, there is a gradual color
change from colorless to light yellow and nally to brown-black
(Fig. 1). At the same time, the soness of the gel decreases and it
becomes harder, due to evaporation of water. The conversion to
brown-black color indicates the completion of the reaction and
formation of clusters, as observed in other methods of cluster
synthesis.22,27 In traditional synthesis, the initially turbid metal
thiolates become dark brown or black upon addition of an
J. Mater. Chem. B, 2013, 1, 4059–4064 | 4059



Fig. 1 (I) Photograph of the polymerized form of acrylamide gel along with
oligomeric Ag(I)SG, taken in a Petri dish. (II), (III), (IV), (V) and (VI) are photographs
corresponding to the exposure to sunlight at different time intervals of 5 min, 30
min, 1 h, 3 h, and 6 h, respectively. The Petri dish was placed on white paper with
the label, ‘Ag’ printed on it. Note the change in transparency from (I) to (VI). The
gel shrinks upon irradiation as water evaporates and the dry gel is detached from
the Petri dish.

Fig. 2 UV/Vis spectrum of as-synthesized AgQC. Dominant spectral peaks at 480
nmand650nmaremarkedon theenlargedoptical spectrum. Insets: (I) photograph
of the gel templates containing silver clusters after exposure to sunlight for 6 h. (II)
Extracted clusters which are readily soluble in water whereas the gel was insoluble
and the solution appears dark brown in color. (III) Upon dilution 1000 times, the
solution appears reddish brown and the spectrum is shown as the main figure.

Journal of Materials Chemistry B Paper
external reducing agent such as sodium borohydride, due to the
formation of clusters or nanoparticles. Fig. 1 shows the evolu-
tion of cluster formation with the duration of light exposure as
manifested by the change in color of the gel. All the images were
collected from the same Petri dish. During the progress of the
reaction, the transparency of the gel was reduced and nally the
gel became opaque due to cluster formation (Fig. 1). In a typical
synthesis, we make about 70 mg of the cluster powder following
the procedure outlined in the Experimental section.

This method was scalable to make hundreds of milligram
quantities of AgQCs in a single step, by increasing the amount
of reagents used in the reaction. For larger scale synthesis,
50 mL of the acrylamide gel solution was used and the reagents
necessary for polymerization along with Ag(I)SG were taken in a
3 � 2  glass tray and the polymerization was started. The tray
was irradiated to make the clusters. Photographs of the process
are given in Fig. S2.†

When the cluster formation is complete, a ake-like gel
appears as shown in Fig. 2 (inset I). For extraction of the clus-
ters, 50 mL of water was added to the nal hard gel and the
solution was kept at 20 �C for 1 hour (Fig. S3†). Clusters were
extracted with water while a colorless gel residue settled at the
bottom. A peak at 480 nm (2.58 eV) and a shoulder at 650 nm
(1.9 eV) were observed in the UV/Vis spectrum of the cluster
(Fig. 2). The cluster in water showed a dominant step-like
behavior, typical of this size regime, indicating that the material
was composed of a few atoms. Note that the silver cluster
synthesized by Kitaev and Cathcart27 shows similar absorption
peaks and they had suggested the possibility of a 25 atom core.
The absorption prole also matches that of the cluster (band 6)
reported by the Bigioni group.43 Our group has also reported a
silver cluster (GSH protected) with similar absorption
features.22,29 As the plasmon resonance feature around 400 nm
is absent in the spectrum, it is clear that larger silver nano-
particles are absent and the spectrum is similar to that of
4060 | J. Mater. Chem. B, 2013, 1, 4059–4064
molecules.29 This is also supported by TEM measurements (see
later). The cluster in water is stable for several months without
change in its absorption peaks. Clusters in high concentrations
appear to have a brown-black color (Fig. 2II) but upon 1000
times dilution, the color becomes reddish brown (Fig. 2III).
Time dependent proles show that the process of reduction is
slow and it takes nearly 6 h to get AgQCs. In the initial stages of
the reaction, a broad peak at 480 nm appeared (1 h), which
became narrow with time and increases in intensity. No
observable changes in absorption proles and peak intensities
were seen even aer 6 h of irradiation time. The evolution of
peaks within 6 h indicates that it is a slow reaction. Time
dependent UV/Vis for the evolution of cluster is given in
Fig. S4.† Clusters appear as tiny dots in the TEM image
(Fig. S5†). Smaller clusters coalesce upon high energy electron
beam exposure and nanoparticles of larger dimension are
observed. In view of this, a large size distribution (Fig. S5†) from
0.5 to 3 nm was found with an average size distribution of 1.6
nm. This kind of electron-beam induced coalescence was seen
earlier.52 Such coalescence is reduced when the protection is
better, for example with a silica coating.53

The cluster exhibits luminescence at 710 nm at all (395, 440
and 518 nm) excitation wavelengths (Fig. 3I). The emission and
excitation is comparable with the cluster reported by our
group.22 In view of the specic optical absorption and emission
features and due to the fact that no nanoparticles are seen in the
TEM image, we conclude that monolayer protected silver clus-
ters are formed in the synthesis.

The thiolate form of the glutathione being attached to
cluster core is supported by XPS (Fig. 3II). The XPS survey
spectrum of the clusters shows all the expected elements
(Fig. S6†). Ag 3d5/2 (BE of 368.1 eV) supports the Ag(0) state
(Fig. 3II). Note that there is not much difference in BE between
Ag(0) and Ag(I) states. The S 2p3/2 BE is thiolate-like and a value
of 162.0 eV is observed (Fig. S7†). An additional S 2p3/2 peak at
164.1 eV observed upon peak tting may be due to other ligand
This journal is ª The Royal Society of Chemistry 2013



Fig. 3 (I) Luminescence spectra of the as-synthesized cluster, which show three
excitation wavelengths and all of these give emission at the same wavelength. (II)
X-ray photoelectron spectrum of the cluster in the Ag 3d region. The corre-
sponding peaks are assigned. The peaks are fitted with spin–orbit split
components.

Fig. 4 (I) UV-Vis spectrum of the AgQCs synthesized using various filters:
without filter (CW), blue (CB), red (CR), yellow (CY) and green (CG). (II) Photographs
of AgQC clusters under visible light (b and a1) and UV light (a and b1), before (a
and b) and after (a1 and b1) phase transfer.

Fig. 5 (I) Inset (1 to 6) are photographs of AgQC synthesized without gel
precursors (APS and TEMED) at different time intervals of exposure to sunlight,
starting form initial to 6 h. UV/Vis spectrum of AgQC cluster extracted from 4. (II)
UV/Vis spectra of AgQC synthesized in different media. Among them, acetonitrile
shows enhanced intensity. The presence of gel as impurity in the product leads to
increased background in some samples.

Paper Journal of Materials Chemistry B
binding sites or X-ray induced damage of the monolayer.54 IR
spectrum of the cluster shows that the cluster is connected to
glutathione through the thiolate link (Fig. S8†). The S–H
stretching at 2552 cm�1 of glutathione is absent in the case of
the cluster. Electrospray ionization mass spectrometry (ESI MS)
analysis (in negative mode) was performed to discover the
composition of the cluster but we could see only some frag-
mented ions with good isotopic distribution (Fig. S9†). The
peaks corresponding to m/z 933 and 1443 were assigned to
Ag3(SG)2

+ and Ag4(SG)3
+. Upon a closer view, another peak with

a difference ofm/z 22 was seen for both the cases which could be
attributed to replacement of Na in place of H. Matrix assisted
laser desorption ionization mass spectrometry (MALDI MS) did
not yield molecular ion signatures, similar to the glutathione
protected clusters reported before.39 Efforts are in progress to
nd the composition of the cluster. The tiny quantities of the
polymeric gel remaining with the cluster seem to prevent it from
creating intact ions in the gas phase. ESI MS analysis of silver
cluster has been difficult in a number of cases.39

We also performed several experiments by exposing the
sample to sunlight under different lters. Red, blue, green and
yellow lters were used to allow specic light to be exposed to
the sample. Depending on the lter used in the synthesis, these
clusters are labeled CW, CR, CB, CG and CY (W, R, B, G and Y refer
to without lter, with red, blue, green and yellow lters,
respectively). The clusters formed were extracted into water.
Variation in the absorption proles were observed by varying
the lter as shown in Fig. 4. At the same time, some similarities
were also there, like the 480 nm peaks appeared for both the CW

and CR cluster, but with different width. All these clusters show
luminescence in the red region. Their QY is of the order of 10�3.
Clusters exhibit signicant differences in their excitation and
emission proles. Excitation and emission spectra for CW, CR,
CB, CY, CG clusters are given in Fig. S10.† As these clusters are
protected with glutathione which is a dicarboxylic acid, it is
possible to connect the polar end of the quaternary ammonium
salts so that the resultant cluster is soluble in organic solvents.
This kind of phase transfer helps in the exploration of proper-
ties of the clusters in both organic and aqueous phases.55 The
procedure for phase transfer is given in the ESI.† The absorp-
tion proles of phase transferred clusters are not changed.
Luminescence still remained as in the case of the parent
This journal is ª The Royal Society of Chemistry 2013
clusters indicating that the cluster core is intact even aer
phase transfer. Photographs of the CW, CR, CB, CY and CG

clusters in water and toluene before and aer phase transfer in
both ambient and UV light are given in Fig. 4II(a, a1, b and b1).
These results conrm the fact that the cluster formation is
highly dependent on the photon energy.

Several control experiments were done to understand the
formation and to improve the yield of the cluster. The same
reaction in the absence of sunlight does not produce clusters,
showing the importance of light exposure for the synthesis
(Fig. S11†). A Petri dish containing polymerized acrylamide gel
with Ag(I)SG was kept in sunlight but covered with aluminum
foil so that there was no light penetration while there was heat
input. Aer 6 h of exposure, there was no observable color
change during the reaction (Fig. S12†). This ruled out the
possibility of any thermal effect in cluster synthesis. Upon
exposure of aqueous oligomeric Ag(I) SG to sunlight, (Fig. S13†)
silver clusters were not formed. It shows featureless UV/Vis
spectra which resembled the spectrum of oligomeric Ag(I)SG
(gure not shown). In the absence of gel polymerizing agent
(APS and TEMED), clusters were formed but optical features
were not prominent. The photographs and UV/Vis spectra of
cluster, synthesized without gel precursors are given in Fig. 5I.

In another experiment, Ag(I)SG was placed in acetonitrile
and exposed to sunlight for 8 h (Fig. S14†). A color change from
blackish powder to reddish brown powder occurred indicating
the reduction of silver. The nal powder was insoluble in
J. Mater. Chem. B, 2013, 1, 4059–4064 | 4061



Fig. 6 The antibacterial activity of (I) monolayer protected AgQCs compared
with (II) glutathione, (III) Ag(I)@SG, (IV) Au25@SG and (V) Ag@SG nanoparticle. In
all the cases, Petri dishes of 2.5 cm diameter and Escherichia coli bacteria (ATCC
8739) were used.
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acetonitrile but dispersible in water. UV/Vis spectrum of the
sample in aqueous medium showed a surface plasmon reso-
nance at 400 nm indicating the formation of silver nano-
particles (Fig. S14†). In the case of acetonitrile, the growth step
was not controlled so it produces nanoparticles, whereas in the
gel system the growth of clusters was controlled within the gel
templates.

A possible mechanism for the formation of the Ag@SG
cluster is similar to that reported by Harada and Katagiri56

where the process involves three main steps, namely photon
induced reduction, autocatalytic nucleation and a subsequent
growth process (Scheme 1, ESI†). The nal growth is controlled
by the ligand as well as the gel cavity available. Several other
aspects such as temperature and photon energy will also have
an inuence on the cluster formation. It is known that the
quantum efficiency of absorption (number of photons absor-
bed/total number of photons) is an important factor in the
conversion of Ag(I) to Ag(0). This can be improved by choosing a
given solvent in the photochemical reaction so that the liquid
phase proceeds under the inuence of the solvent cage.57 So, the
mechanism of photoreduction by using a solvent as a cage is
assumed to be electron transfer from the solvent molecule to
the silver ion: (Ag+, ROH/NH2/CN)cage + hn / (Ag, ROH+/NH2

+/
CN+)cage.57 Cluster formation is initiated by the photons of
sunlight, through the inuence of the solvent cage and then
through a autocatalytic nucleation process,58 further growth
happens as described above.

Various solvents such as toluene, acetonitrile, tetrahydro-
furan and dimethyl formamide were taken on top of the reac-
tion medium (polymerized gel + Ag(I)SG) and exposed to
sunlight (Fig. S15†). This was to check the effect of solvent
properties on cluster synthesis. Variations in their absorption
prole were observed as the extent of cluster formation was
different for each solvent (Fig. 5II). The product obtained in
acetonitrile shows better intensity compared to all other
solvents. This supports our earlier argument that CH3CN can
facilitate the photochemical reduction of silver. This synthetic
method is extendable to get clusters protected with other
ligands such as mercaptosuccinic acid (Fig. S16†) and cysteine
(Fig. S17†). The possibility of obtaining gold clusters was also
checked (Fig. S18†).

The antibacterial activity of monolayer protected AgQCs was
evaluated against a Gram negative organism, Escherichia coli
(Fig. 6) and Gram positive organism, Staphylococcus aureus
(Fig. S19I†). The result shows that the AgQCs were more active
against E. coli than towards S. aureus. The average diameter of
the zone of inhibition for E. coli was about 12, 14, 16 and
19 mm, respectively for 10, 20, 30 and 40 mL of synthesized
AgQCs. For S. aureus (Fig. S19I†), the inhibitory effect was mild
when compared to E. coli. Here, the diameter of the zone of
inhibition was found to be 11, 12, 14 and 16 mm for the 10, 20,
30 and 40 mL of AgQCs, respectively. A solution-based study
(Fig. S19II and III†) also shows similar results to those we got for
the diffusion method where we could see that AgQCs are much
more effective against Gram negative bacteria compared to
Gram positive ones. With an increase in cluster concentration,
the antibacterial effect also increases, so it is a concentration
4062 | J. Mater. Chem. B, 2013, 1, 4059–4064
dependent phenomenon. Experiments using glutathione, Ag(I)
SG complex and Au25(SG)18 clusters do not show any zone of
inhibition which conrms that the antibacterial activity is due
to the AgQCs alone. The mechanism of the antibacterial prop-
erties can be understood from a recent report of Alvarez et al.59

The fast internalization of silver nanoclusters may be one of the
reasons for this activity. The other possibility is the enhanced
release of silver ions from the clusters which happens as a result
of the following equations.

4Ag(0) + O2 / 2Ag2O (1)

2Ag2O + 4H+ / 4Ag+ + 2H2O (2)

The consequent antibacterial action makes the structural
changes which result in cell death.60,61 It is also known that Ag
nanoclusters interact with sulfur containing proteins which in
turn affects the cell viability.62 Glutathione protected nano-
particles does not show any antibacterial effect which proves the
earlier argument of fast silver ion release from clusters in
comparison to nanoparticles.59
Conclusion

In summary, we have demonstrated sunlight-induced forma-
tion of silver clusters starting from silver thiolate complexes, in
suitable gel templates. The as-synthesized AgQCs were extracted
into water and made into ne powders using freeze drying. Gel
templates were chosen in such a way that they were insoluble in
water. AgQCs show step-like features in optical absorption
spectrum as well as intense emission in the luminescence
spectrum. The cluster formation is sensitive to solvents and
ligands. We have demonstrated cluster formation with gluta-
thione as the ligand. A similar method can also be used for gold
clusters. These clusters can be phase transferred from aqueous
to organic medium. The clusters show enhanced antibacterial
action in comparison to plasmonic nanoparticles protected
with glutathione.
This journal is ª The Royal Society of Chemistry 2013
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Experimental section
Chemicals

All the chemicals were commercially available and were
used without further purication. Silver nitrate (AgNO3, 99%),
glutathione (GSH, 97%), methanol (GR grade), acrylamide (AR
grade), N,N0-methylenebisacrylamide (BIS) (AR grade), ammo-
nium persulfate and N,N,N0,N0-tetramethylethylene diamine
(TEMED) were purchased from SRL Chemical Co. Ltd., India.
Solvents, ethanol (HPLC grade, 99.9%, Aldrich), methanol
(HPLC grade, Aldrich), dichloromethane (HPLC grade, 99.9%,
Aldrich) were used as received.
Synthesis

A well-known gel, acrylamide:bisacrylamide was used to control
the growth of AgQCs. Gel solutions were synthesized similar to
the method reported from our group22 with slight modication
in the concentrations of the thiol. In a typical synthesis, 10 g of
acrylamide and 0.75 g of bisacrylamide were dissolved in 50 mL
of water and sonicated to get a clear solution (which was stored
at 10 �C and used as stock solution). 47 mg of silver nitrate and
110 mg of GSH were added to 1 mL of 1 M NaOH; the resultant
mixture was sonicated until the solution color changes from
turbid to clear pale yellow which is due to the formation of
oligomeric silver thiolate. 3 mL of the former solution was
poured into a Petri dish which contains 1 mL of silver thiolate
and the two were mixed well to form a uniform solution. Then
30 mL of APS (0.1%) and 20 mL TEMED were added to initiate the
polymerization. Upon keeping the sample without disturbance,
polymerization and formation of the gel was visible aer 15–20
min. The sample was kept under sunlight for 6 hours (starting
at 9 am, in open air) to yield AgQCs. Chennai, during the period
of the experiment (June–December 2011), was sunny for most of
the days (average temperature 28 �C). Formation of AgQCs was
visible by a change of color from colorless to black-brown.
Addition of 10mL water to the gel results in the extraction of the
cluster selectively, leaving gel pieces at the bottom. These were
separated from the cluster solution through ltration, followed
by centrifugation. The nal cluster solution was subjected to
freeze drying to yield a powder sample. The cluster was phase
transferred to the organic medium to observe its enhanced
luminescence properties (ESI, Fig. S1†).

Ag@SG nanoparticles were made with AgNO3 (47 mg) and
GSH (110 mg in 50 mL water) followed by rapid addition of
NaBH4 (90 mg in 12.5 mL water). It was further puried by
ethanol washing and dried in Rotavapor.
Instrumentation

UV/Vis spectra were measured with a Perkin Elmer Lambda 25
instrument in the range of 200–1100 nm. Luminescence
measurements were carried out on a Jobin Yvon NanoLog
instrument. The band pass for excitation and emission was set
as 2 nm. X-ray photoelectron spectroscopy (XPS) measurements
were conducted using an Omicron ESCA Probe spectrometer
with polychromatic MgKa X-rays (hn ¼ 1253.6 eV). The samples
were spotted as drop-cast lms on a sample stub. Constant
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analyzer energy of 20 eV was used for the measurements. High
resolution transmission electron microscopy of clusters was
carried out with a JEOL 3010 instrument. The samples were
drop cast on carbon-coated copper grids and allowed to dry
under ambient conditions. FT-IR spectra were measured with a
Perkin Elmer Spectrum One instrument. KBr crystals were used
as the matrix for preparing samples.

The bacterial strain, Escherichia coli (Gram-negative rod) and
Staphylococcus aureus (Gram positive) were obtained from the
Culture Collection Center (strains used were, ATCC 8739 &
MTCC96). The antibacterial activity of the Ag nanoclusters
against the organisms were measured using the well-diffusion
method. Pure cultures of bacteria were grown in Mueller–Hin-
ton broth (HiMedia, Mumbai, India) at 27 �C on a rotary shaker
at 200 rpm. Wells that were 6 mm in diameter were made on the
Mueller–Hinton LB plates using a gel puncture. The cultures
were swabbed on test media with sterile cotton swabs. About 10,
20, 30 and 40 mL of synthesized Ag nanoclusters were added to
the well, and then the plates were incubated in an incubator at
37 �C for 12 h. Aer incubation, the diameter of the inhibition
zone was measured. To compare the antibacterial activity, the
experiment was repeated using glutathione, Ag(I)@SG,
Au25@SG and Ag@SG nanoparticles instead of AgQCs. Sterile
distilled water was put in the control well. For the solution
phase antibacterial test, sterile test tubes, each containing 2 mL
of nutrient broth medium and the desired amount of Ag
nanocluster solutions were inoculated with 10 mL of freshly
prepared bacterial suspension. The tubes were incubated at
37 �C in a rotary shaker at 200 rpm. The bacterial growth was
evaluated by measuring the increase of the absorbance at 600
nm at regular intervals for 24 hours in a spectrophotometer.
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Supporting information 1. 

Phase transfer of cluster 

The silver cluster is protected with glutathione and is water soluble. This cluster can be 

transferred from the aqueous to the toluene phase by the phase-transfer reagent, 

tetraoctylammonium bromide (TOABr). For this, an aqueous solution of cluster (5 mg/mL) was 

mixed with 5 mM TOABr in toluene and stirred vigorously for 2 min. Silver clusters underwent 

immediate and complete phase transfer from the aqueous to the toluene layer. The phase transfer 

can be monitored visually by the color changes in the aqueous and toluene layers. The colorless 

toluene layer turned reddish brown and the aqueous layer, which was originally reddish brown, 

turned colorless after stirring. The phase transfer occurred by the electrostatic attraction between 

the hydrophilic carboxylate anion of the glutathione ligand on the cluster in the aqueous phase 

and the hydrophobic tetraoctylammonium cation in the toluene phase. 
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Large scale synthesis of Ag@SG clusters 
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Fig. S2. Polyacrylamide solution along with Ag (I) SG was spread on a glass plate and kept 

under sunlight for six hours to complete the reaction. I) to VI) show the progress of the reaction 

with time.  
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Supporting information 3 

Extraction of the cluster 

 

 

 

 

 

 

 

Fig. S3. I) Photograph of the gel template containing Ag@SG clusters. II) These templates were 

soaked in water for 30 min. III) The clusters were dispersed and the gel remained insoluble. 
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Supporting information 4 

Evaluation of cluster growth monitored by UV 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S4. Time dependent UV/Vis spectra during Ag@SG cluster evaluation. Corresponding 

photographs are shown in inset.  
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Supporting information 5 

HRTEM images 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S5. HTEM image of Ag@SG clusters.  Inset shows the size distribution of clusters 

indicating an average size of 1.6 nm.  
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Supporting information 6. 

XPS survey spectrum 

 

 

 

 

 

 

 

 

 

 

Fig. S6. XPS survey spectrum of the as-synthesized cluster. Individual peaks are labeled. 

 

 

 

 

 

 

 

 



7 
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Elaborated XPS spectra for individual regions 
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Fig. S7. XPS spectra for individual regions. Spectra were fitted using Casa XPS software. 

 

 

 

 

 

 



8 
 

Supporting information 8 

IR spectra of GSH and AgQCs 

4000 3000 2000 1000

36

54

72

90

Tra
ns

mi
tte

nc
e

Wavenumber (cm-1)

 
 

S-H str

GSH
AgQCs

 

Fig. S8. Comaprative IR spectra of AgQCs and GSH. The absence of band at 2552 cm-1

 

 confirms 

the attachement of glutathione to the cluster core. 
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ESI MS data of Ag@QC 
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Fig. S9. ESI mass spectrum of as-synthesized cluster in negetive mode. Inset shows some 

fragments with good  isotope distribution.  
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Supporting information 10 

Excitation and emission spectra of the cluster, synthesized using different filters 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S10. Exciation and emission spectra of CR (I), CY (II), CG (III) and CB 

 

(IV).  
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Reaction in dark  

 

 

 

 

Fig. S11. I) Photograph of the polymeric gel + Ag(I)SG taken in a petri dish kept in dark. Note 

that gel is transparent. II) After six hours, the same petri dish shows no change in color 

indicating the absence of reaction under dark conditions. 
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Effect of heat, in the absence of sunlight  

 

 

 

 

Fig. S12.  I) Polymerized acrylamide gel along with Ag(I)SG. II) Sample covered with 

aluminium foil and exposed to sunlight in outdoor air. III) No visible color change after 6 h of 

exposure to sunlight. The ambience was at 35o

 

C. 
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Oligomeric Ag (I) SG in water and in sunlight 

 

 

 

 

Fig. S13. I) Photograph of the Ag(I)SG in water taken in a petri dish kept under sunlight. II) 

After six hours the petri dish does not show any change in color indicating that the reaction did 

not occur. 
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Effect of acetonitrile in the absence of gel 
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Fig. S14. UV/Vis spectrum of the material formed when acetonitrile was taken in place of gel. 

Inset shows photographs at different time intervals. This shows the formation of plasmonic 

nanoparticles. 
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Effect of various solvent during cluster growth  
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Fig. S15. Effect of various solvents: (I) toluene, II) methanol, III) acetonitrile, IV) 

tetrahydrofuran, V) dimethyl formamide and VI) water during cluster growth. Solvent volume 

was kept constant. In water, the clusters were extracted. 
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Evaluation of Ag@MSA cluster growth 

 

 

 

 

 

 

 

Fig. S16. I) Polymerized acrylamide gel along with Ag (I) MSA. Photographs are of different 

periods of exposure of sample to sunlight. II) UV/Vis spectrum of Ag@MSA clusters extracted 

after 6h of exposure. Inset of II) shows a photograph of the sample collected under UV lamp 

showing red luminescence.  
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Evaluation of Ag@cysteine cluster growth  

 

 

 

 

 

 

 

 

 

 

Fig. 17. Polymerized acrylamide gel along with Ag(I)cysteine. I) to VI) are different periods of 

exposure of sample I) to sunlight. Inset is the UV/Vis spectrum of Ag@cysteine clusters 

extracted from sample VI). 
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Gold cluster evolution 

 

 

 

 

 

Fig. S18. The photographs of gold cluster made using the same synthetic method. I) Under 

visible light, and II) under UV light. Intense red fluorescence confirms the formation of clusters. 
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Antibacterial study with gram positive bacteria 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S19. The antibacterial activity of monolayer protected AgQCs against gram positive bacteria 

Staphylococcus aureus (I). Four different concentrations were used. II and III are the solution 

based antibacterial study for gram positive and gram negative bacteria, respectively. The spectra 

show the pronounced effect of AgQCs over gram negative compared to gram positive bacteria. 
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Schematic view of the formation of Ag@SG cluster by photoreduction.  
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ABSTRACT: The difference in size, shape, and chemical cues of leaves and flowers display the underlying genetic makeup and
their interactions with the environment. The need to understand the molecular signatures of these fragile plant surfaces is
illustrated with a model plant, Madagascar periwinkle (Catharanthus roseus (L.) G. Don). Flat, thin layer chromatographic
imprints of leaves/petals were imaged using desorption electrospray ionization mass spectrometry (DESI MS), and the results
were compared with electrospray ionization mass spectrometry (ESI MS) of their extracts. Tandem mass spectrometry with
DESI and ESI, in conjunction with database records, confirmed the molecular species. This protocol has been extended to other
plants. Implications of this study in identifying varietal differences, toxic metabolite production, changes in metabolites during
growth, pest/pathogen attack, and natural stresses are shown with illustrations. The possibility to image subtle features like eye
color of petals, leaf vacuole, leaf margin, and veins is demonstrated.

KEYWORDS: molecular imaging, surface-bound metabolites, electrospray ionization (ESI), desorption electrospray ionization (DESI),
mass spectrometry (MS)

■ INTRODUCTION

Underlying the incredible beauty of leaves and flowers is their
enormous chemical complexity. Various mysteries in plant
chemical biology are solved by breakthrough techniques.
Different methods of mass spectrometry have contributed
significantly to the detection, identification, and quantification
of important biomolecules, biomarkers, and other metabolites;
even their spatial distribution on surfaces may be visualized
with the latest techniques of mass spectrometry imaging (MSI).
There are variations in principle, application, and versatility in
all the three different mass spectrometric techniques used in
MSI, namely secondary ion mass spectrometry (SIMS), matrix-
assisted laser desorption ionization mass spectrometry (MALDI
MS), and desorption electrospray ionization mass spectrometry
(DESI MS).1 The application of MALDI MSI is high in
pharmaceutical research but its major application in plants is for
imaging proteins. SIMS imaging in plants has revealed the
possibility to get detailed elemental mapping of water and
nutrients (major, minor nutrients and other trace elements) in
addition to the imaging of molecules like epicuticular waxes,
lipids, flavones, and other selected categories of metabolites.
DESI MS is distinctly different and often advantageous in
biological applications as the process of ionization occurs in
ambient conditions and the samples need not be prepared for
analysis.2 More recent studies have demonstrated the need for
variations of surfaces, solvents, and methods to suit various
plant parts like roots, stems, fruits, bulbs, and rhizomes.3−9

However, researchers have measured only a limited number of
bioactive molecules so far, which have been possible by the
chosen techniques, tools, and the technical capacity of
particular instrument models available at that time.

Numerous experiments have been performed to understand
the response and mechanism of crop plants’ survival in various
biotic and abiotic stress conditions. It is obvious that the plant
surfaces display some changes in color, shape, and stunted
growth, etc., when the plants undergo multifaceted stressful
conditions. Hence there is specific need to measure the
molecular signatures of fragile plant surfaces under healthy
conditions and compare their transient changes in conditions of
stress. Here we suggest DESI MS based thin layer
chromatography (TLC) imprint-imaging as a rapid method
for studying metabolites on plant surfaces. The strategy is
illustrated with the model plant, Madagascar periwinkle -
Catharanthus roseus (L.) G. Don. It bears flowers throughout
the year, and the whole plant is a rich source of natural
alkaloids. Decades of research on Catharanthus alkaloids
continues even now, because of their high market value and
proven potential in the treatment of different types of cancer. It
is used as a model for rapid identification of commercially
exploited alkaloids that could be engineered to form “differ-
ently” from the same indole alkaloid metabolic pathway.10

Following the recently developed imprint imaging method of
DESI MS,11−13 here, the TLC-imprints of petals and leaves
were used to get highly specific, spatially resolved analysis of
molecular signatures of C. roseus. In addition to DESI MS
imaging, tandem mass spectra (MS/MS) were collected from
periwinkle leaf/petal extracts and compared with the reports in
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databases. The changes in the spatial distribution of selected
metabolites during pest/pathogen attack and under natural
stress were imaged. Besides Madagascar periwinkle, different
plants like tomato, potato, Arabidopsis, tamarind, coriander,
amaranthus, neem, patchouli, and wedelia were imaged for their
molecular signatures to demonstrate specific applications.

■ MATERIALS AND METHODS
Materials and Reagents. Leaves and flowers of C. roseus and

leaves of tomato (Lycopersicon esculentum L.), potato (Solanum
tuberosum L.), tamarind (Tamarindus indicus L.), coriander (Corian-
drum sativum L.) amaranthus (Amaranthus viridis L.), neem
(Azadirachta indica A. Juss.), and wedelia (Wedelia trilobata (syn.
Sphagneticola trilobata L.)) were collected from plants that were
growing in the nursery of IIT Madras campus situated in Chennai,
Tamilnadu state, India. The plant patchouli (Pogostemon cablin
(Blanco) Benth.) was a gift from Prof. Vasundhara Mariappa
(University of Agricultural Sciences, Bangalore). Tissue cultured
plants of Arabidopsis thaliana were received as gift from Dr. Baskar
(Biotechnology Department, IIT Madras). Methanol and acetonitrile
of HPLC grade were purchased from Standard Reagents Pvt. Ltd.,
Hyderabad, India, and RFCL Limited, New Delhi, India, respectively.
TLC plates (Silica gel 60 F254 aluminum sheet, 20 × 20 cm) were
purchased from Merck KGaA, Darmstadt, Germany. Deionized water
was used for making solutions.
Preparation of TLC-Imprints. Fresh plant sample (leaf/petal)

with its upper or lower surface facing the silica coating, as per
requirement, was placed on the TLC plate of specific dimension. The
TLC plate−plant sample pair was covered on either side with tissue
paper and manually imprinted using a laboratory hydraulic pellet press
by applying a load of 1 ton and 3 tons over an area of 2.5 cm2 for
petals and leaves, respectively, for a period of approximately 5−10 s.
The load was optimized individually based on sample physical features
(based on the time of collection, surface dryness, and thickness of the
leaf/petal). Optimization was necessary as petals required lower load
in comparison to leaves. A transparent layer was separated after the
release of applied pressure. This layer is due to the waxy coating of the
leaf/petal. It was important that the loads were uniform so that the
imprints made a true representation of the chemical signatures of the
sample (Figure 1 and Figure S1 (Supporting Information)).
Instrumental Setup. Each TLC imprint with the rectangular area

occupied by the sample chemical imprint was mapped with optimized
spatial resolution (one pixel: 400 μm2 or 20 × 20 μm) in a lab-built 2D
moving stage DESI source, as described earlier.11−13 Different solvents

and mixtures like methanol, methanol−water (3:1 v/v), and
acetonitrile were used as spray solvents and delivered at a flow rate
of 2 μL/min. Mass spectra were acquired in full scan, positive ion
mode, over the mass range from m/z 50 to 1000, using a Thermo
LTQ mass spectrometer (San Jose, CA). Auto gain control (AGC)
was set to off, and each mass spectrum was collected with optimized
scan time. The mass spectra collected as Xcalibur raw data were
processed with FireFly data conversion software (http://www.
prosolia.com/firefly.php), and images were viewed using BioMap
(http://www.maldimsi.org). Tandem mass spectrometric studies were
conducted using an ESI attachment of the same Thermo LTQ mass
spectrometer, and the data were acquired with Xcalibur software. The
plant (leaf and petal) extracts were prepared in ppm concentrations by
immersing the leaf/petal in the solvents and solvent mixtures
mentioned for an optimized time interval. The centrifuged plant
extracts were electrosprayed at a flow rate of 10 μL/min with a spray
voltage of 4.5 kV. Mass spectra were acquired for a full scan range of
m/z 50−1000, and MS2 scans were done on all the dominant peaks.
To identify the metabolite, the experimental details of MS2 scans of
each peak was submitted to MS/MS spectrum search option of
databases,14−16 with user defined precursor mass and one or more
cation/anion adducts. For example, in the METLIN database, the list
of adducts given for positive ionization mode are as follows: M + Na,
M + NH4, M + H − 2H2O, M + H − H2O, M + ACN + H, M + 2Na
− H, M + 2H, M + 3H, M + H + Na, M + 2H + Na, M + 2Na, M +
2Na + H, M + Li, and M + CH3OH. For negative ionization, the
choices are as follows: M − H, M − H2O − H, M + Na − 2H, M + Cl,
M + K − 2H, M + FA − H, M − 2H, M − 3H, M + CH3COO, and M
+ F (The acronyms correspond to ACN = aceonitrile, FA = formic
acid). 15

■ RESULTS AND DISCUSSION

Direct detection of molecules from plants is known from DESI
MS imaging and other recent strategies.3−9 Yet imaging fragile,
short-lived plant surfaces like flower petals and thin leaves like
coriander is difficult as they cannot be handled easily on a
sample stage. Since ambient imaging with DESI MS requires
flat surfaces for a true representation of the molecular
concentrations, the plant surfaces were imprinted on TLC
plates. Li et al.12 and Thunig et al.13 reported that imprints on
porous Teflon gave good, stable, and intense signals when
compared to direct imaging of plants. Here, besides enhance-
ment in signal, TLC-imprints were ideal for imaging fragile

Figure 1. Photographs of flowers, petals, and a leaf of Madagascar periwinkle C. roseus and their TLC imprints: Images of (A) pink flower, (a1) single
petal of a pink flower, and (a2) TLC-imprint of a pink petal. Images B, b1, and b2 correspond to the same data for a white flower. Images C and c1
correspond to a leaf and its imprint. Imprints do not correspond to the same petals or leaf whose photographs are shown. Images D and E
correspond to one of the DESI MS images collected from petal and leaf showing the difference in spatial distribution between purple and white
varieties of periwinkle, using the ion at m/z 337 and 457, respectively. Scale bars of both the images in D and E are the same (5 mm).
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plant surfaces, and imprints themselves could be stored for
further reference. TLC plates with silica gel coatings are
preferable because they provided good quality imprints besides
giving good adsorption of different plant-derived molecules and
observable chemical changes with time. Figure 1 and Figure S1
of the Supporting Information show that TLC-imprints are
truly reflecting the surface. Parts A and B of Figure 1 show the
actinomorphic flower (having five identical petals) in pink and
white colored varieties of periwinkle. The metabolites on the
upper surface of single petal, leaf, and flower could be

imprinted (Figure 1a2, b2, c2; no. 2 in Figure S1A) to identify
the difference in spatial distribution of specific metabolite
between two colored varieties (Figure 1C,D). The undersurface
of the petal is transparent (no. 1 in Figure S1A). Applying
pressure on the undersurface of petal did not give good
imprints (no. 3 in Figure S1A); but in leaves, both surfaces had
metabolites (nos. 4, 5 in Figure S1A). Whether petal or leaf, a
transparent layer (nos. 6, 7 of Figure S1A) could be separated
after imprinting. Likewise, when the plant leaf/petal was kept
dipped in solvents for long time, all molecular species got

Figure 2. Distribution of metabolites on (A) petal and (B) leaf of C. roseus. (A) (a) ESI MS spectrum of petal of C. roseus. (b) One of the DESI MS
spectra collected from a petal during imaging, corresponding to one pixel (400 μm2) of the image. Images corresponding to various peaks are shown.
Similar data for a leaf is shown in B. The scale is uniform in all the images (5 mm).
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extracted leaving behind the respective thin membranes.
Imaging of TLC-imprints with intact thin membrane did not
produce any images though some peaks were detected with low
intensity. For easy identification of small molecular metabolites
on plant surfaces, typical model plant species like potato,
tomato, and Arabidopsis with already known bioactive
compounds and pathways were chosen. However, the present
study is primarily focused on the plant C. roseus because the
availability of flowers throughout the year helped to do and/or
repeat experiments anytime. The suitability of this method to
tree species or even weed species is also checked with suitable
examples (trees: tamarind, neem; weed: wedelia). Very small
flowers like that of neem and Arabidopsis could not be imaged.
The plant parts like stem, seed, etc. are not suitable for a direct

imprinting method described here and need some modified
processes which are not discussed here. In all of these selected
plants, it is possible to get images for the already reported
compounds from plants (indole alkaloids: Madagascar
periwinkle; sesquiterpene lactones: wedelia; limonoid terpenes:
neem; flavone glycosides: tamarind; polyphenols: coriander;
betacyanins: amaranthus; aromatic oils: patchouli) when the
same instrumental conditions and solvents were used as per the
reports.17−25 As the DESI MS data are voluminous, only images
of the crucial metabolites (in all selected plants) for specific
applications are presented (Figures 1−6 and Figures S1−S3 for
C. roseus and in Figures 4C,D and Figures 6A−P for other
plants).

Figure 3. ESI MS tandem mass spectra and DESI MS tandem mass spectral images for (A) serpentine (m/z 349)) on the petal and (B) vindoline
(m/z 457) on the leaf of C. roseus. The markings on the structures in insets of A and B are from the KEGG database.21 The main figure corresponds
to the spectrum, and the images are based on the intensities of the peaks marked. The spectrum from a pixel of the image is shown in the inset. The
scale is uniform in all the images (5 mm).
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Figure 4. continued
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Parts A and B of Figure 2 show the spatial distribution of
different metabolite peaks on the petal and leaf of C. roseus,
detected in positive ionization mode using methanol as the
spray solvent. The predominant presence of m/z 337 on petals
(Figure 2A) and m/z 457 on the leaf (Figure 2B) is revealed.
To identify all the eluted peaks, experiments with tandem mass
spectral imaging were required. In C. roseus, alkaloids were

chosen because of their high demand and widespread uses in
clinical medicine. Here, the already available indole alkaloid
pathway of KEGG (Kyoto Encyclopedia of Genes and
Genomes)21 was used, and the tandem mass spectra of the
reported alkaloids were identified. Parts A and B of Figure 3
show the tandem mass spectral images for serpentine and
vindoline, which matched with the characteristic ESI MS/MS

Figure 4. Distribution of selected metabolites on (A) newly emerged leaf and (B) senescent leaf of C. roseus. (A) (a) ESI MS spectrum of the leaf of
C. roseus. Dotted portion is expanded in the inset. (b) One of the DESI MS spectra collected from a leaf during imaging, corresponding to one pixel
(400 μm2) of the image. Similar data for a senescent leaf is shown in B. Distribution of glycoalkaloid in (C) three-leaved stage seedling of potato and
(D) mature leaf of tomato. Images corresponding to various peaks are shown. The scale is uniform in all the images (5 mm).
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data of plant extracts and the diagnostic fragments available in
databases.18−22 The metabolite peak m/z 337 is sharing the
tandem mass spectral peak positions of catharanthine and 19-S-
vindoline with their characteristic MS/MS data (Figure S2a).
As plants may contain complex mixtures under natural
conditions, their tandem mass spectral data do not comply
fully with the synthetic standards. The metabolites sharing the
same m/z values (like catharanthine and tabersonine isomers
for m/z 337, dihydrotabersonine and perivine for m/z 339,
serpentine and alstonine for m/z 349, ajmalicine and hydroxy
tabersonine for m/z 353, and decaetoxyvindoline and S-
adenosyl methionine for m/z 399) which may be from the
same indole alkaloid or other pathway(s) can also be delineated
with their characteristic MS/MS data in databases. The ESI
MS/MS of selected peaks are given in Figure S2. The results
generated during MS/MS data searches in databases were
voluminous when all possible adducts (examples given in the
Materials and Methods section) were selected as user inputs;
hence only protonated ions are given in this article. The
fragmentation patterns of natural compounds are useful in drug
discovery,26 and studies show that modifications of the
structure of vindoline lead to a range of antitumor alkaloids
(like vinblastine, vincristine, vinorelbine, and vinflunine, etc.)27

The other peaks that could be assigned using MS/MS spectrum
search include akuammicine (m/z 323), serpentine (m/z 349),
ajmalicine (m/z 353), methoxy tabersonine (m/z 367),
lochnerinine (m/z 383), echitovenine (m/z 397), deacetoxy
vindoline (m/z 399), vindolidine (m/z 427), strictosidine (m/z
531), anhydrovinblastine (m/z 793), and vinblastine (m/z
811). As many of the names of natural products are uncommon
in regular analytical chemistry literature, we have summarized
in Table S1 of the Supporting Information the essential details
of the compounds discussed in this work. Besides alkaloids, the
other peaks that eluted (e.g., m/z 88, 112, 144, 188, 203, 219,
and 233) could be similarly assigned by their MS/MS data by
referring to the other metabolic pathways in KEGG database. It
may be noted that the mass accuracies mentioned in Table S1
refer to the database and not from the present study. As
plethora of information is available for Catharanthus in different
databases,18−22 we did not attempt other experiments for
separation, characterization, structural identification for molec-

ular variations/relationships, etc. The periwinkle plant(s)
collected from different locations were imaged, but the
predominant and the coexisting peaks expressed on these
surfaces did not change thereby confirming the reproducibility
of our results.
To identify the changes in metabolites at various growth

stages, the leaves of C.roseus at seedling and senescent stages
were imaged. Vindoline (m/z 457), a predominant metabolite
in leaves (Figure 2B), is reported to be confined to aerial parts
of plants and is not produced in cultures.28 Here imaging of
healthy, young, and mature leaves of C. roseus showed the
relative abundance of vindoline (m/z 457) but the predom-
inance of m/z 339 is seen in newly emerged leaf of young
seedlings19 (Figure 4A). In the senescing leaf (Figure 4B), there
was predominance of m/z 337 over m/z 457.
Imaging changes in metabolites during growth stages has

implication in agricultural and food crops. The toxic
metabolites that need to be monitored may be produced in
plants during early stages of growth (e.g., a natural toxin-
glycoalkaloid(s) in Solanaceous crops such as potato, tomato)29

or during senescence (as in tobacco, the back conversion of
nicotine to nornicotine leading to the formation of a
carcinogenic precursor N′-nitrosonornicotine).30 Though the
toxicities of glycoalkaloids is well known, their bioactivities,29

particularly the anticancer activity, are desirable.31−34 The
variation in content of glycoalkaloid35 is found in plant parts,
particularly in leaves where metabolic activity is more; hence
testing for glycoalkaloid content is mandatory at different
stages. Figure 4C shows that imaging techniques may be a rapid
method in identifying the spatial distribution of α-solanine and
α-chaconine, the two crucial glycoalkaloids in very young
seedlings of potato.31 When a mature leaf of tomato was
imaged, the distribution of typical glycoalkaloid peaks for α-
tomatine (m/z 1034.7 and 528.9)33 was evident as shown in
Figure 4D.
DESI MS imaging is used in the detection of pathogens;36

here the possibility to view metabolites particularly at the site of
pest attack (m/z 337 in Figure 5A: chewing pest, grasshopper
attack on petal) and pathogen attack (m/z 793 in Figure S3A,
Supporting Information: leaf spot disease on leaf) are shown.
Figure 5B shows metabolite changes during wilt disease on leaf.

Figure 5. ESI MS spectrum and DESI MS images showing the distribution of selected metabolites during (A) grasshopper attack on petal and (B)
wilt disease on leaf of C. roseus. (A) (a) ESI MS spectrum of petal. (b) One of the DESI MS spectra collected from the pest attacked petal during
imaging corresponding to one pixel (400 μm2) of the image. Similar data for a diseased leaf is shown in B. (C) DESI MS images of insignificant peaks
(relative abundance <10%) in wilt disease. (D) DESI MS images showing distribution of selected metabolite peaks in atrophied flower (no. 1 of
Figure S1C) of C. roseus during environmental stress. The scale is uniform in all the images (5 mm).
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Figure S3B in the Supporting Information shows the changes in
spatial distribution of m/z 349 during aphid attack on the lower
surface of the leaf. It is interesting to note that the changes in
the relative abundance of peaks m/z 349, m/z 397, and m/z
793 were observed in all of those cases (Figure 5A,B, and
Figure S3A,B) besides changes in intensity of m/z 337 and m/z
457. Although some peaks in ESI spectra were having very low
intensity, their surface images were pronounced in DESI MS,
implying their stable expression in nature and also their
relationship with the prominent compounds (Figure 5C). In
order to avoid loss of data, baseline correction or statistical
methods were not applied.
Though flower of C. roseus is actinomorphic (Figure 1A,B),

some atrophied flowers (Figure S1C, with changes in shapes,
size, and color of petals) were observed during environmentally
stressed conditions in naturally growing plants. As the upper
surfaces showed specific changes, the TLC-imprint (no. 6 of
Figure S1C) of an atrophied flower is imaged and results are
given in Figure 5D. The changes in spatial distribution of
alkaloids (m/z 349, m/z 397, and m/z 793) and other
metabolites (m/z 203, m/z 219, and m/z 427) can be observed
in images 6−10 of Figure 5D. The spatial distribution of
commonly known Catharanthus alkaloids in petal or leaf
(Figure 2A,B) is indeed new information from this study. Their
coexistence with other phenolic compounds and the expression
in pest/pathogen attack or abiotic stress will add to the existing
knowledge37−39 that these could be looked at as biomarker
metabolites in biotic and abiotic stresses. Hence imaging plant
surfaces, immediately after finding changes on their physical
features, may serve as a rapid test to identify molecular

signatures in stress and to take suitable prophylactic measures
for saving crop plants.
The spatial distribution of particular metabolite(s) between

different colored varieties of C. roseus (Figure 1D,E) shows that
imaging can help in comparing different varieties or species.
Identification of leafy vegetable amaranthus types remains a
challenge due to admixtures with weeds.40 As in Figure 6A,B,
imaging the upper and lower surfaces of leaves show a
difference in spatial distribution of metabolites which may be
significant in identifying vegetable amaranthus leaf from the
weed admixtures.
Parts C and D of Figure 6 show the spatial distribution of

metabolite (m/z 104) in two different types of leaves in the
same plant (cauline and rosette leaves in tissue cultured
Arabidopsis thaliana). Here tissue cultured Arabidopsis plants
are chosen because enhancing the production of bioactive
molecules through tissue culture or in vitro manipulations is
done in different plant varieties.
Very subtle features on the surface of leaves and petals that

are not visible in photographs of TLC-imprints are reflected in
DESI MS images. For example, Figure 6E,F shows the presence
of vacuole or subsurface secretory gland in the leaf of
patchouli,41 which is invisible in its TLC-imprint (Figure
S1B, no.6). The spatial distribution images of the undamaged
vacuole/secretory gland in patchouli leaf shows that the
pressure is not emptying the contents on TLC-imprints.
Likewise, the metabolite (m/z 399) imparting color to visible
patterns on the flower eye of C. roseus was imaged (as in image
7 of Figure 5D for flower and in Figure 6G for petal); though
invisible in the TLC-imprint of leaf, Figure 6H shows that the

Figure 6. DESI MS images showing (A, B) difference in distribution of m/z 140 on the lower surface of leafy vegetable amaranthus for identification
from weed admixtures, (C, D) difference in distribution of m/z 104 on rosette and cauline leaves of tissue cultured Arabidopsis thaliana, (E, F)
location of secretory gland in leaf of patchouli, (G, H) distribution of eye color imparting metabolite (m/z 399) in petal and leaf of C. roseus, (I, J, K,
L) typical leaf shape in neem, wedelia, coriander, and tamarind, respectively, and (M, N, O, P) spatial distribution showing metabolites present on
the leaf margin and veins on potato, wedelia, coriander, and amaranthus, respectively . The scale is uniform in all the images (5 mm).
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metabolite (m/z 399) is confined to the base of the leaf. As in
Figure 6I−L, the typical/conspicuous leaf shapes (serrated
margin of neem, trilobed shape of wedelia, parsley leaf like
shape of coriander) of plants can be imaged. Parts M−P of
Figure 6 show the presence of metabolite peak at leaf veins and
margin, which unravels the possibilities to image diseases
expressed on leaf veins or margins.42

Though TLC-imprints produce flat surfaces, there are
possibilities of defects in images arising from imprints due to
manual errors as with improper pressing (Figure S4A). Also,
the surface changes in TLC-imprints during storage (Figure
S4B) produced time-dependent variations in images; the
changes were evident in petal imprints within a few days but
leaf imprints lasted for months. Also, there may be defects in
imaging (Figure S4C) due to the instrumental setting errors.43

In addition, the interfering peaks sometimes masked the
presence of predominant metabolite image(s) (Figure S4D). As
plants are complex, no single method can be fully effective to
understand plant system biology or plant molecular signatures
at a given time. Hence new methods44 may be employed to
better interpret the results obtained from the DESI MS imaging
technique. Since all biological samples are highly variable due to
changes in edaphic and climatic conditions, the results given
here may vary depending on a number of factors including
tropical and temperate growth variations. Even the plant
metabolite profile database created for the model plant
Arabidopsis is not complete.45 Moreover, the TLC-imprinting
method needs to be modified suitably for other plant parts like
stem, root, seed, etc., and an amenable strategy is needed for
imprinting leathery textured leaves and latex containing plants.
With suitable manipulations to overcome these limitations, this
method would be useful for preserving the molecular
information of plant species. As imprints can be transported
and stored at ease, this methodology will become useful in
herbarium documentation.
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Thiolate-protected Ag32 clusters: mass spectral studies
of composition and insights into the Ag–thiolate
structure from NMR†

T. Udayabhaskararao, M. S. Bootharaju and T. Pradeep*

Clusters composed of a 32 silver atom core, protected with thiolates of glutathione (GSH) and N-(2-

mercaptopropionyl)glycine (MPGH), were synthesized by a solid-state route in milligram scale. They do

not exhibit surface plasmon resonance unlike their larger sized nanoparticle analogues but show

molecule-like features in absorption and luminescence spectra, falling in the visible window. The

compositions Ag32SG19 (SG: thiolate of glutathione) and Ag32MPG19 (MPG: thiolate of MPGH) were

identified from electrospray ionization mass spectrometry (ESI MS). Matrix-assisted laser desorption/

ionization mass spectrometry (MALDI MS) was not successful for –SG protected clusters as reported

before, but for Ag32MPG19 a peak at 6.1 kDa was seen at a threshold laser intensity. This peak shifted to

low mass region with increasing laser intensity due to systematic losses of Ag2S. Further confirmation of

the composition Ag32SG19 was made using various studies such as XPS and EDAX. One-dimensional (1D)

and two-dimensional (2D) NMR spectroscopic investigations of Ag32SG19 provided interesting spectral

features which indicated the dominant –[SR–Ag–SR]– structural motif. This structural motif as the

predominant entity is found for the first time in silver clusters.
Introduction

Quantum clusters (QCs) of noble metals are molecules
composed of a few to a hundred metal atom cores – even more
in some cases – protected with ligands, especially thiols, and are
fundamentally different from their bulk and plasmonic
analogues in terms of their optical, electronic, and structural
properties.1–4 In the initial years of study, a mixture of gold QCs
with unknown compositions were synthesized by the reduction
of Au3+ in the presence of glutathione (GSH, the thiolate form is
written as SG).5 These clusters were isolated using the technique
of gel electrophoresis and their spectroscopic properties were
examined in detail. Molecular formulae of these clusters were
later understood as Au10SG10, Au15SG13, Au18SG14, Au22SG16,
Au22SG17, Au25SG18, Au29SG20, Au33SG22 and Au39SG24 using
mass spectral studies.6 Subsequently, several new protocols
were developed to synthesize these QCs individually, i.e. well-
dened monodisperse AunSRm.7–11 Depending on the synthesis
conditions, type of protecting ligand, solvent polarity and
strength of reducing agent, various monodisperse clusters such
as Au25SR18, Au38SR24 and Au144SR60 were synthesized.12 Size
d Thematic Unit of Excellence (TUE),

f Technology Madras, Chennai-600 036,

(ESI) available: Details of experimental
-vis, luminescence, TEM, ESI MS, XPS,
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1

exclusion chromatography was used to detect some of the less
prominent clusters such as Au40SR24 and Au55SR30,31.13–15 In
addition to them, Au19,16 Au1810 and Au2017 were also synthesized
by controlling the kinetics of the reaction through a slow
reduction process. Availability of clusters with known compo-
sition, especially crystallization of some of them (Au25SR18,18,19

Au38SR24,20 Au36SR24
21 and Au102SR44

22) helped to understand
them in greater detail. But corresponding developments have
not happened in silver clusters. Although several QCs of silver
with known chemical composition such as water soluble Ag7,23

Ag7,8,24 and Ag9,25 as well as organic soluble �Ag14026 and Ag28027

have been made, the growth of the area is not comparable to
that of gold analogues. Recently, there has been rapid progress
in this area due to the single crystal analysis of Ag14,28 Ag1629 and
Ag3229 protected by the combined use of thiolate and phosphine
ligands. Analogous to the thiol-protected clusters, they also
possess molecule-like behaviour in their optical properties but
systematic changes in these properties were not seen due to
size and structural differences in cores (such as Ag6

4+, Ag8
6+,

and Ag22
12+). For example, while Ag14 is yellow emissive,

Ag16 and Ag32 exhibit blue emission. Their structures are
interesting and provide new insights into the atomic structure
of thiolated–Ag QCs in comparison to Au QCs.

In recent years, a variety of methods have been developed to
produce stable thiolate-protected silver QCs. Among them is the
synthesis through a solid-state route.25 The time required to
produce the desired cluster is substantially less here. High yield
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 (a) Distinct bands are seen in the gel, derived from the crude cluster (black
powder in inset of a). Scale bar on inset of (a) is 1 cm. (b) Photographs of solidified
gel fractions of clusters 1–5 (left) and their water extracts (right). (c) UV-vis
absorption spectra of clusters 1–5 extracted from each band after gel electro-
phoresis of the crude cluster.
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of clusters and easy handling of the reaction made this route
novel. It is expected that this protocol opens up a new way for
the synthesis of a variety of cluster materials. For example, by
varying precursor ratios, reducing agents, temperature and
solvents, numerous cluster materials are produced through this
route. Here, we report the preparation of thiolated Ag32 clusters
with two ligands in aqueous phase through this method and
their most essential characterization. Assignment of chemical
composition was made based on mass spectrometry (MS)
including electrospray ionization (ESI) andmatrix-assisted laser
desorption ionization (MALDI), coupled with elemental analysis
and X-ray photoelectron spectroscopy (XPS). We proposed the
Ag–thiolate structure of the cluster based on a detailed nuclear
magnetic resonance spectroscopic (NMR) study.
Experimental section
Materials and methods

Chemicals. All the chemicals were commercially available
and were used without further purication. Silver nitrate
(AgNO3, 99%), glutathione (GSH, 97%),N-(2-mercaptopropionyl)
glycine (MPGH, Aldrich), acrylamide (AR grade), N,N0-methyl-
enebisacrylamide (BIS) (AR grade), ammonium persulfate
and N,N,N0,N0-tetramethylethylene diamine (TEMED) were
purchased from SRL Chemical Co. Ltd., India. Sodium borohy-
dride (NaBH4, 99.99%, Aldrich), ethanol (HPLC grade, 99.9%,
Aldrich) and methanol (HPLC grade) were used as received.

Synthesis of Ag32SG19. About 23 mg of AgNO3(s) was added to
200 mg of GSH(s) at room temperature and the mixture was
ground well in a mortar to make Ag(I)SG thiolate. About 25 mg
NaBH4(s) was added and grinding was continued for 10 more
minutes. Aer that, 10 mL of distilled water was added slowly
(in one mL steps) which resulted in the formation of a reddish
brown solution. Clusters were precipitated immediately by the
addition of excess ethanol. The resulting precipitate was
collected and washed repeatedly with ethanol through centrif-
ugal precipitation. Finally, the precipitate was dried and
collected as a reddish brown powder (�26 mg). This was termed
as crude cluster (CC) in this paper. The dried product was stored
in the laboratory atmosphere. Photographs of the synthesis at
various stages are shown in ESI, Scheme S1.† The powder was
dissolved in water (10 mg mL�1) and kept under ambient
conditions overnight. This resulted in a color change from
reddish brown to pale pinkish red. This was referred to as aged
crude clusters (ACC).

Polyacrylamide gel electrophoresis (PAGE). PAGE was per-
formed using a previously reported procedure.30 A gel electro-
phoresis unit with 1 mm thick spacer (Bio-rad, Mini-protein
Tetra cell) was used to process the PAGE. The total contents of
the acrylamide monomers were 28% (BIS : acrylamide) ¼
(7 : 93) and 3% (BIS : acrylamide) ¼ (7 : 93) for the separation
and condensation gels, respectively. The eluting buffer con-
sisted of 192 mM glycine and 25 mM tris(hydroxymethylamine).
The crude cluster was dissolved in 5% (v/v) glycerol–water
solution (1.0 mL) at a concentration of 10 mgmL�1. The sample
solution (1.0 mL) was loaded onto a 1 mm gel and eluted for 4 h
at a constant voltage of 150 V to achieve separation as shown in
This journal is ª The Royal Society of Chemistry 2013
Fig. 1. The gel fractions containing the clusters were cut out,
ground, and dipped in ice cold distilled water (2 mL) for 10 min.
Subsequently, the solutions were centrifuged at 20 000 rpm for
5 min at �10 �C, followed by ltering with lter paper having
0.22 mm pores to remove the gel lumps suspended in the solu-
tion. Separation of cluster 3 was done carefully. For measure-
ments we have cut only the top portion of band 3 (marked in the
PAGE photograph) where it is separated far away from the
adjacent clusters. Clusters 2 and 3 are merged only at their
boundary. Cluster 2 showed as a separate band which indicates
that it was not fully mixed with cluster 3. Further PAGE on
cluster 3 shows the same UV-vis, luminescence and ESI MS as
that of cluster 3.

Synthesis of Ag32MPG19. About 23 mg of AgNO3(s) was added
to 110 mg of MPGH(s), 1.5 mg of NaOH(s) at room temperature
and the mixture was ground well in a mortar to make Ag(I)MPG
thiolate. About 25 mg NaBH4(s) was added and grinding was
continued for 10 more minutes. Aer that, 10 mL of distilled
water was added slowly (in one mL steps) which resulted in the
formation of a reddish brown solution. Clusters were precipi-
tated immediately by the addition of excess ethanol. The
resulting precipitate was collected and washed repeatedly with
ethanol through centrifugal precipitation. Finally, the precipi-
tate was dried and collected as a reddish brown powder. The
powder was dissolved in water (10 mg mL�1) and kept at 10 �C
overnight. The resultant solution is called Ag@MPG clusters in
the text. Through ESI MS andMALDI MS the composition of the
cluster is understood to be Ag32MPG19.

Instrumentation. UV-vis spectra were measured with a Per-
kinElmer Lambda 25 instrument in the range of 200–1100 nm.
Luminescence measurements were carried out on a Jobin Yvon
NanoLog instrument. The band pass for excitation and emis-
sion was set as 2 nm. Circular dichroism studies were measured
using a Jasco Model J-810 circular dichroism spec-
tropolarimeter in the range of 200–800 nm. X-ray photoelectron
spectroscopy (XPS) measurements were conducted using an
Omicron ESCA Probe spectrometer with polychromatic Mg Ka
X-rays (hn ¼ 1253.6 eV). The samples were spotted as drop-cast
lms on a sample stub. A constant analyzer energy of 20 eV was
used for the measurements. High resolution transmission
electronmicroscopy of clusters was carried out with a JEOL 3010
Nanoscale, 2013, 5, 9404–9411 | 9405
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instrument. The samples were drop-cast on carbon-coated
copper grids and allowed to dry under ambient conditions. FTIR
spectra were measured with a PerkinElmer Spectrum One
instrument. KBr crystals were used as the matrix for preparing
samples. 1H NMR were measured with a 500 MHz Bruker
Advance III spectrometer operating at 500.13 MHz and equip-
ped with a 5 mm triple-resonance PFG probe. Solutions were
made in 99.98% D2O (Aldrich) and sealed immediately. The
signal of the solvent served as the reference for the eld-
frequency lock. All experiments were performed at a tempera-
ture of 25 �C. Standard Bruker pulse programs (Topspin 2.1)
were employed throughout. As PAGE puried samples contain
tiny quantities of the gel, 1HNMR was performed with the aged
crude, which was identical to cluster 3. Mass studies were
conducted using an electrospray mass spectrometry (ESI MS)
system, LTQ XL (Thermo scientic). Samples of 50 ppm
concentration, taken in a 3 : 7 water–methanol mixture, were
electrosprayed. Negative ion spectra showed characteristic
features in view of the carboxylate species present. Positive ion
spectra did not have distinct molecular ion features. Optimized
conditions for the negative ion spectra were: capillary temper-
ature: 150 �C, capillary voltage: �34 V, source voltage: �5.7 kV,
tubular lens voltage: �110 V and ow rate: 5 mL min�1. Matrix-
assisted desorption ionization mass spectrometry (MALDI MS)
studies were conducted using a Voyager-DE PRO Bio-
spectrometry Workstation from Applied Biosystems. A pulsed
nitrogen laser of 337 nm was used near threshold laser intensity
in negative mode. Matrix solution was prepared by dissolving
10 mg of a-cyano-4-hydroxycinnamic acid (CHCA) matrix in a
1 : 1 mixture of acetonitrile (0.5 mL) and triuoroacetic acid
(0.5 mL, 0.1% in DI water). 2 mL of as-synthesized Ag@MPG
clusters in water were uniformly mixed with 5 mL of matrix
solution. A volume of 2.5 mL of the cluster–matrix mixture was
spotted on the target and allowed to dry under ambient
conditions. Scanning electron microscopic (SEM) and energy
dispersive X-ray (EDAX) analyses were done in a FEI QUANTA-
200 SEM. For measurements, samples were drop-cast on an
indium tin oxide coated conducting glass and dried in vacuum.
Powder XRD patterns of the samples were recorded using a
PANalytical X'pertPro diffractometer. The powder samples of
parent silver nanoparticles and clusters were taken on a glass
plate and the X-ray diffractogram was collected from 5 to
100 degrees in 2 theta using Cu Ka radiation.
Results and discussion

Crude cluster was obtained by grinding the metal precursor and
the ligand followed by reduction with NaBH4(s). In this process,
initially silver thiolate is formed due to the reaction between
AgNO3 and GSH at the interface. High affinity of sulfur to noble
metal ions is responsible for thiolate formation which was
conrmed from the IR spectrum of the ground mixture, where
the S–Hstr of GSH was absent. Upon addition of sodium boro-
hydride in the solid form, the ground mixture turns to a
brownish black powder which shows high affinity to water. At
this point, compounds are mixed well, the essential steps of
particle formation such as nucleation and growth are controlled
9406 | Nanoscale, 2013, 5, 9404–9411
due to the lack of protic solvent, which facilitates fast reduction
to form metallic particles. This control is important in mini-
mizing the formation of a mixture of clusters compared to
solution phase synthesis.

The crude cluster (CC) in water shows an absorption prole
different from plasmonic nanoparticles. A peak at 480 nm and
shoulders at 550 and 350 nm were observed (Fig. S2a†). Silver
clusters protected by glutathione and analogous thiols exhibit
distinct features in the region of 300–800 nm.23–27,30–38 This
product, CC, is a mixture of individual silver QCs, as revealed by
polyacrylamide gel electrophoresis (PAGE, detailed procedure is
in experimental section). Five different bands were separated
and are clearly observable on the gel as shown in Fig. 1a. These
ve bands of different clusters were cut and soaked in ice cold
distilled water. Individual clusters were extracted into water,
and their distinctive aspects are clearly observable by the
appearance of their respective colors. Photographs of the ve
solid gels and the cluster solutions are given in Fig. 1b. Clusters
extracted from these bands are referred to as clusters 1–5, cor-
responding to the band labels in Fig. 1a. Absorption proles of
all the clusters in water show molecule-like behavior (Fig. 1c).
Cluster 5 shows a near-IR absorption peak at 750 nm, along with
two other peaks at 540 and 415 nm. Cluster 4 shows a broad
peak centered at 550 nm, along with small humps at 350 and
640 nm. Cluster 3 shows a sharp peak 480 nm along with a
shoulder peak at 610 nm. Cluster 2 shows distinct peaks at 420,
430 and 490 nm. Cluster 1 shows a broad peak at 490 nm. UV-vis
investigations show that the band gaps of these clusters vary
with core sizes. A blue shi in the HOMO–LUMO gap with
decreasing core size is observed (traces 5 to 1), as seen in gold6

and silver31 clusters. The luminescence properties also change
in clusters 1–5. Clusters 4 and 5 did not show visible lumines-
cence whereas 2 and 3 exhibit luminescence with maxima at
670 and 680 nm, respectively (Fig. S3†). The shi in lumines-
cence maxima is consistent with the change in cluster size. The
yield of CC was �26 mg, starting from 23 mg of AgNO3. Cluster
3 shows better yield (�15mg from 23mg of AgNO3) and stability
than the other QCs.

About 10 mg of crude cluster was dissolved in 1.0 mL water
and kept under ambient conditions overnight. There was a
black precipitate and a clear solution. The precipitate was dis-
carded, which may be due to the decomposition of other
metastable clusters. The resultant supernatant is referred to as
aged crude cluster (ACC). Aging resulted in a change of color
of the solution from reddish brown (CC) to faint pinkish red
(ACC) and this change is also reected in the corresponding
powder samples. The powder samples of CC and ACC are
black and reddish brown, as shown in insets of Fig. 1a and 2b,
respectively.

The absorption spectra of ACC (Fig. S2b†) and cluster 3
(Fig. 1) were similar and therefore, the discarded residuemay be
due to the decomposition of metastable clusters, 5, 4, 2 and 1.
1HNMR data also support the conversion of a mixture of clus-
ters to a single cluster as there is a reduction in peak width (see
later). Features in the circular dichroism (CD) spectrum of ACC
matched with its absorption peaks in the 300–700 nm range
(Fig. S4†) with strong Cotton signals due to the intrinsic chiral
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 (a) UV-vis absorption spectrum of the sample in (b). Distinct peaks are
marked. (b) Photograph of the PAGE band derived from aged crude. Inset of (b) is
the aged crude cluster in powder form. Scale bar on inset of (b) is 1 cm. (c)
Excitation and emission spectra of the same. Photographs of this solution in water
collected under visible (d) and UV light (d1).

Fig. 3 ESI MS of Ag32SG19 in negative mode in the range of m/z 1000–2000.
Calculated positions corresponding to the multiply charged species (5� to 9�)
of [Ag32(SGNa-2H)19H19�q]

q� are shown on the top of the spectrum. Pink
colored peaks correspond to the calculated peaks positions of [Ag32(SGNa-
2H)19H19�q]

q�. Inset (i) is a comparison of the calculated and experimental
spectra of [Ag32(SGNa-2H)19H14�xNax]

5�, where x ¼ 0, 1, 2 and 3.
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metal core.30,33,35,37 It is also noted that the CD signals are in
agreement with the glutathione protected silver cluster reported
by Kitaev et al.37 The powder obtained aer freeze-drying the
ACC solution was subjected to PAGE, which showed the pres-
ence of a single band (Fig. 2b) whose absorption and lumines-
cence proles (Fig. 2a† and inset c, respectively) match perfectly
with those of cluster 3 (both the bands exhibiting the same
mobilities are marked with dotted boxes in Fig. 1a and 2b,
respectively). Absorption spectral features of cluster 3 and
Ag@SG clusters from the literature25,31,37 are comparable
(Fig. S5†). All of them show similarities in the sharp and
shoulder peaks at �480 and �610 nm, respectively. The cluster
solution exhibits luminescence in the red region, photographs
of the solution under visible and UV light are shown in insets d
and d1, respectively, in Fig. 2. Interestingly, the absorption
spectrum of recently crystallized Ag32 cluster29 also exhibits a
strong peak at 485 nm and a weak peak at 600 nm along with a
few additional structures at 450 and 750 nm; the latter two are
absent in our present system. Also the crystallized cluster29

exhibits blue emission but the present system is red emitting.
These differences in the optical properties of the systems may
be due to the ligand-dependent structural changes. It has to be
noted that the ligand 1,2-bis(diphenylphosphino)ethane
(DPPE), useful to join tetrahedrally coordinated shell-Ag atoms
of the Ag22

12+ core, is absent in the present system.
The cluster was characterized with various tools as well. As

ACC, its PAGE-puried product and cluster 3 gave identical
results; the former was used for most of the studies, unless
noted otherwise. The cluster responsible was identied as
Ag32SG19 and the details will be discussed below.

It is worth noting that there are some minor differences in
the absorption spectra of ACC and the PAGE-puried product
(cluster 3). However, absorption proles of the PAGE product of
ACC (Fig. 2a) and cluster 3 (Fig. 1, trace 3) are the same. An extra
peak was observed at 420 nm in ACC (Fig. S2†) and not in the
PAGE puried products. Although there is this difference, the
excitation and emission spectra for all the clusters are the same
(Fig. S3† and 2c). This difference in the absorption spectra is
This journal is ª The Royal Society of Chemistry 2013
due to the difference in pH of the solutions. Absorption proles
of these clusters show slight changes with pH. The 420 nm peak
in ACC at pH 4.2 was absent at pH 6.0. The running gel in
electrophoresis is maintained at pH 8.8, and this results in a
change in pH aer PAGE. Another important aspect to mention
is that the 420 nm band of the excitation spectrum of ACC
(Fig. 2c) resembles the UV-vis spectrum, indicating that this
peak is part of the absorption spectrum and is not due to
another cluster. These aspects indicate that they are the same
chemically.

Although crystallography is needed for complete character-
ization, most of the information on the composition of QCs is
available from mass spectrometry.4,6 It is also important to note
that –SG protected clusters are difficult to crystallize and crystal
structures of none of them have been available till now. The
chemical compositions of –SG protected gold clusters were
understood solely based on ESI MS.6 Unlike in the case of gold
QCs, obtaining quality ESI MS of silver clusters is difficult due to
their poor stability. In most cases, the ESI conditions, especially
the capillary and transfer tube temperatures, cause decompo-
sition of the clusters. As a result, only a few Ag QCs with known
composition exist up to now. Most of the studies of these
clusters are limited to understanding their optical proper-
ties,30,33–37,39 and applications in sensing.40–42

Negative ion ESI MS of cluster 3 and aged cluster in a
water : methanol mixture yield the same ESI MS data. The
spectra are composed of a series of multiply charged anions
originating from deprotonation of the carboxyl moieties of the
–SG ligands as it is a dicarboxylic acid. It can undergo two
ionizations, but in the pH of the cluster solution (�4.2), a
monoanion (SG–H)� is preferred. However, –SG ligand can also
Nanoscale, 2013, 5, 9404–9411 | 9407
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Fig. 4 MALDI MS of Ag@MPG in negative mode. (A) UV-vis absorption spectra
of Ag@MPG (a) and Ag32SG19 (b) clusters at pH 6.0. (B) Laser dependent MALDI
MS spectra of the Ag@MPG cluster at near threshold intensity (black trace,
�1700) and at higher laser intensities (red and green traces). Inset of B show the
expanded region of MALDI MS at high laser intensity (�3500).
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exist as a sodium salt and therefore the monoanion formedmay
be represented as (–SGNa-2H)�. As there are multiple SG
ligands, there are a number of such species.

Cluster 3 shows a series of peaks in the range of m/z 1200–
2500 (Fig. 3). However, it is quite difficult to understand the
peaks due to the complexity of the spectrum. Recently, Griffith
et al.43 reported themass spectrum of Ag32SG19, isolated from gel
electrophoresis of crude clusters. The absorption prole of this
cluster matches well with our cluster (Fig. S5†). But, the mass
spectral series obtained by Griffith et al. is different from our
study. This discrepancy may be due to the synthesis protocol
which adds sodium ions in our case and also due to instru-
mental variations. The calculated multiply charged peaks for
[Ag32(SGNa-2H)19H19�q]

q� are matching well with the ESI MS
data [note: Ag32(SGNa-2H)19H19 is the parent neutral molecule].
For example, a highly intense peak centred at m/z 1941 corre-
sponds to [Ag32(SGNa-2H)19H14]

5�. Upon close observation we
nd that the peak is composed of four peaks at m/z 1936
[Ag32(SGNa-2H)19H14]

5�, m/z 1941 [Ag32(SGNa-2H)19NaH13]
5�,

m/z 1945 [Ag32(SGNa-2H)19Na2H12]
5� and m/z 1949 [Ag32(SGNa-

2H)19Na3H11]
5� (inset i, Fig. 3). Such sodium additions are

common in cluster mass spectrometry.23,25 Similarly, mass
spectral peaks corresponding to [Ag32(SGNa-2H)19H19�q]

q� also
appeared at the calculated positions, where q is the overall
charge of the cluster (6, 7, 8 and 9). For example, the peaks due to
[Ag32(SGNa-2H)19H13]

6�, [Ag32(SGNa-2H)19H12]
7�, [Ag32(SGNa-

2H)19H11]
8� and [Ag32(SGNa-2H)19H10]

9� are at m/z 1617, 1386,
1212, and 1078, respectively. Although the calculated positions
match well, the resolution at these charge states is not adequate
to see the isotope pattern of silver. The peaks are quite broad and
several other peaks surround the main peak. This complication
is due to the presence of sodium adducts. The other complica-
tion corresponds to a cleavage of the amide bond between glu-
tamic acid and cysteine, a fragmentation process commonly
observed in glutathione, as evidenced by its presence in the
tandem mass (mass spectrometry/mass spectrometry, MS/MS)
spectrum of glutathione itself (Fig. S6†). This kind of fragmen-
tation is also observed for glutathione protected gold clusters.10

ESI MS in the range of m/z 400–1200 shows low mass region
peaks at m/z 936, 828, 522 and 414 assigned to [Ag3SG2-H]�,
[Ag2SG2-H]�, [Ag2SG-H]� and [AgSG-H]�, respectively (Fig. S7†).
We measured the mass spectrum of the well-known cluster,
Au25SG18 under these conditions and the expected spectrumwas
seen (Fig. S8†), which conrms the accuracy of the data.

In view of the poorly resolved peaks in the ESI MS data, we
wanted to have additional information on the composition of
the cluster using other methods. The best option is to compare
the results with another so ionization technique. MALDI MS
of the cluster was not successful for further conrmation of the
assignment. Note that so far there is no report of the MALDI MS
of intact clusters protected with glutathione. In order to obtain
both MALDI MS and ESI MS, we tried to synthesize a cluster
having the same core with ligands such as cysteine, mercapto-
succinic acid and N-(2-mercaptopropionyl)glycine. Among
them, the cluster protected with N-(2-mercaptopropionyl)
glycine (MPGH; its thiolate is labeled as MPG) was selected for
further study as its absorption proles matched exactly with
9408 | Nanoscale, 2013, 5, 9404–9411
cluster 3 (Ag32SG19). The cluster also gave acceptable MALDI
and ESI MS features. We present these data below.

MPG protected Ag QCs (Ag@MPG) were synthesized using the
same method used for Ag32SG19 (see Experimental section).
Precipitate of clusters was taken in 10mL distilled water and kept
for aging at 10 �C. The pH of the resultant solution was 6.0. It
showed a sharp peak at �480 nm and a shoulder around �600
nm in its absorption prole (inset of Fig. 4). At the same pH,
Ag32SG19 also shows the same absorption spectrum. The simi-
larity in absorptionproles of these clusters proves that bothhave
the same cluster core. In the case of the luminescence spectrum,
there is a slight shi (10–15 nm) in the emission peak position.
Unlike in the case of Ag32SG19, these clusters do not show visible
luminescence under UV light illumination, indicating very low
quantum yields compared to glutathione protected ones. It is
known that –SG protected Au25 shows higher quantum yield
compared to other thiols.44 It is attributed to the electron
donating capability (of –SG) due to the presence of electron rich
groups (e.g., carboxylic and amino groups). In the case of MPG,
the smaller number of electron rich groupsmade the systemhave
lower quantum yield. Ag@MPG clusters exhibit a single emission
at 700 nm when excited at 470 and 540 nm (Fig. S9†). However,
there is a slight shi in excitation and emission positions of the
clusters (Ag32SG19 and Ag@MPG). Note that ligands play an
important role in the luminescence prole.8,44

This cluster was subjected to MALDI MS using CHCA as the
matrix. Negative ion mode MALDI MS (Fig. 4) at threshold laser
power (�1700) shows a peak maximum at �6.1 k. No cluster
other than the species giving the 6.1 k maximum was present in
the sample. The peak was quite broad compared to the calcu-
lated peak and also in comparison to typical MALDI MS data of
Au clusters.

Upon closer observation, the 6.1 k peak is composed of peaks
spaced at m/z 248, especially on the le of the peak, suggesting
progressive loss of Ag2S. Thus, even at threshold laser intensity,
This journal is ª The Royal Society of Chemistry 2013
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selective fragmentation occurs. The loss of Ag-MPG thiolates is
unlikely, which would have given a much larger spacing of m/z
270. This loss is reected in the experimentally observed mass
spectral position (6.1 k) while the calculated peak position for
Ag32MPG19 is 6.5 k which was conrmed by ESI MS (see below).
We conclude that the alkyl chains are partially dissociated
(�3 alkyl groups (�0.13 kDa for each); 6.5–6.1 kDa ¼ 0.4 kDa)
from the cluster core during ionization, which also explains the
increased peak width. Indeed, loss of alkyl chains by carbon–
sulfur (C–S) bond cleavage is common in monolayer protected
clusters of gold and silver. The peak at 6.1 k is increasingly
shied towards the low mass region with increasing laser
intensity and the spectrum is dominated by a series of peaks
separated by m/z 248 due to Ag2S loss indicating the loss of a
major portion of the alkyl chains (inset of Fig. 4B). By the use of
a more optimized matrix, this fragmentation may be avoided.
It is important to note that an optimized matrix such as trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB) is essential for a high quality mass spectrum of
Au25PET18.4

The Ag@MPG clusters were also subjected to ESI MS. Fig. 5
shows the negative ion (ESI) mass spectrum of Ag@MPG clus-
ters in a water : methanol mixture. MPG is a monocarboxylic
acid and its ionization by the loss of H+ results in (MPG-H)�. A
series of multiply charged species were observed in the mass
spectrum of the cluster due to [Ag32(MPG-H)19NaxH19�x�q]

q�,
where q¼ 3, 4 and 5. Themultiply charged peaks are quite broad
due to the addition of sodium (x ¼ 8, 9 and 10). Just as in the
case of –SG, half the carboxylate functional groups contain
sodium. For example, the peak at m/z 2254 (due to the triply
Fig. 5 ESI MS of Ag32MPG19 in the negative mode in the range of m/z 1000–
2300. Calculated positions corresponding to the multiply charged species of
[Ag32(MPG-H)19NaxH19�x�q]

q�, where q ¼ 3, 4 and 5 (shown on the top of the
spectrum). Inset shows a comparison of the calculated and experimental
spectra of species with x ¼ 8, 9, 10 and q ¼ 3. These species are [Ag32(MPG-
H)19Na8H8]

3�, [Ag32(MPG-H)19Na9H7]
3� and [Ag32(MPG-H)19Na10H6]

3�. The
fragments, [Ag27(MPG-H)16]

3� and the Ag thiolates are shown in another color.

This journal is ª The Royal Society of Chemistry 2013
charged species) is due to the merging of peaks corresponding
to [Ag32(MPG-H)19Na8H8]

3�, [Ag32(MPG-H)19Na9H7]
3� and

[Ag32(MPG-H)19Na10H6]
3� (inset of Fig. 5). However, there is

complexity in the data (extra peaks in the spectrum labeled
with *) which may be superimposition of other charged species
or other possible fragmentations. In order to understand the
system in detail, an improvedmass spectrum is required. This is
difficult in view of the multiply charged species, although we are
continuing our efforts. Peaks of other charges, [Ag32(MPG-
H)19Na8H7]

4� and [Ag32(MPG-H)19Na8H6]
5�, were also seen with

good intensity. Even at low capillary temperatures, clusters
undergo fragmentation resulting in peaks in the low mass
region. These fragment peaks appeared with characteristic mass
spacing due to silver isotopes, i.e. m/z 2. These peaks atm/z 1080
and 1188 correspond to [Ag4MPG4-H]� and [Ag5MPG4-H]�,
respectively. These peaks and their sodium adducts are labeled
in Fig. 5. The intense peak at m/z 1902 in the mass spectrum
corresponds to the triply charged sodium salt of Ag27MPG16,
derived from the loss of silver thiolates ([Ag5MPG3-H], which
appeared in the low mass region, shown in orange color), from
its parent ion, [Ag32(MPG-H)19Na8H8]

3�. The expanded spec-
trum of [Ag5MPG3-H]� is given in Fig. S10.† Based on the
agreement between the experimental and calculated peaks, the
composition of Ag@MPG clusters is conrmed as Ag32MPG19.

The monolayer binding in Ag32SG19 through thiolate is
supported by XPS (Fig. S11†) and FTIR spectroscopy (Fig. S12†).
The XPS survey spectrum shows all the expected elements. The
Ag 3d peak is close to an Ag(0) value of 368.0 eV. Note that there
is not much difference in the binding energy between Ag(0) and
Ag(I) states. The S 2p3/2 peak is thiolate-like with an observed
value of 162.0 eV (Fig. S11c†). This is in agreement with the IR
spectrum (Fig. S12†), which suggests the loss of thiolate proton
upon cluster formation. From EDAX, the Ag : S atomic ratio
measured is 1 : 0.56 � 0.03 which matches with the expected
value of 1 : 0.59 for Ag32SG19 (Fig. S13†). A broad peak centered
around 2q z 38� in the X-ray diffraction (XRD) pattern is seen,
as in the case of Au or Ag QCs,17,24,25 which shows the absence of
metallic nanoparticles (Fig. S14†). The clusters appear as tiny
dots in TEM with a size of �1.0 nm (Fig. S15†).

A recent breakthrough in metal cluster research is the
structure determination of Au102SR44 followed by those of
Au25SR18 and Au38SR24. Although the “divide and protect”
concept (metal core with neutral atoms protected by metal
thiolate) was proposed theoretically by Hakkinen et al.45 on
Au38(SR)24, an understanding of this kind of clusters has taken
place only aer the above structural data. In Au102SR44,22 the
inner core of the cluster contains 79 Au atoms (which are all in
neutral state) protected by nineteen –[RSC–Au–SCR]– and two
–[RSC–Au–SB(R)–Au–SCR]– units, where (R)SB and RSC corre-
spond to bridging and core-attached thiolates, respectively.
Au38SR24

20 contains a face-fused biicosahedral Au23 core capped
by three –[RSC–Au–SCR]– and six –[RSC–Au–SB(R)–Au–SCR]–
units. In the case of Au25SR18, there are two types of ligands, 6
bridging and 12 core-attached thiolates.19 The whole entity may
be represented as Au13[RSC–Au–SB(R)–Au–SCR]6. The occupancy
of –[RSC–Au–SCR]– and –[RSC–Au–SB(R)–Au–SCR]– in Au102,
Au38, Au25 is 19 : 2, 3 : 6, and 0 : 6. From these observations, as
Nanoscale, 2013, 5, 9404–9411 | 9409
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Fig. 6 (A) 1H NMR spectra of GSH, crude cluster and aged crude. The peaks in
~she dotted box are due to H-7. Peaks at �3.6 ppm (marked with *) are due to
residual EtOH. 2D NMR spectra of Ag32SG19 clusters. (B) COSY spectrum. (C) HSQC
spectrum. Solvent: D2O. Note that the CH3CH2 signal (1H: 1.1 and 3.6 ppm, 13C:
15.2 and 58.0 ppm) in COSYand HSQC spectra is from residual CH3CH2OH. COSY
showed the coupling information from the cross peaks. [4,3] and [2,3] protons are
coupled together as understood from their cross peaks, marked in (B). H-7 also
produces cross peaks without coupling with other sets of protons. In (C), H-7
protons show two signals at 3.2 and 3.5 ppm originating from the same carbon
(C-7, 32.0 ppm), due to two hydrogen atoms on C-7.
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the size of the core increases to 102, the structure is dominated
by –[RSC–Au–SCR]–19,22 while in the smaller clusters, –[RSC–Au–
SB(R)–Au–SCR]– units dominate.

Apart from crystal structure studies, NMR can also be used to
study the Au-thiolate structure effectively.8,46,47 For example,
independent NMR studies revealed the presence of two kinds of
sulfur environments in 2 : 1 ratio (where 2 RSC : 1 SBR) in
Au25SR18.46,48 Motivated by the recent developments and our
own earlier studies,8 we performed NMR analysis of Ag32SG19. It
reveals that the structure of the thiolated cluster is quite
different from the phosphine analogue.49 The presence of the
inner core and outer shell with metal thiolate is understood
from a detailed analysis of NMR.

1H NMR data of the cluster are presented in Fig. 6. Chemical
shis for H-3, H-4, H-2, H-9, and H-6 of glutathionate (–SG) in
Ag32SG19 are 2.17, 2.60, 3.81, 3.87, and 4.64 ppm, respectively
(Fig. 6A, refer to the structure for peak assignments). Protons H-
7 (¼ 3CH–CH2–S–) signals are signicantly shied downeld in
the range of 3.2–3.5 ppm with broadening followed by splitting,
noted as [7,7] in Fig. 6A. Downeld shi of H-7 can be under-
stood in terms of its close proximity to the silver core. To know
the cause of splitting and nature of the staple motif on the
cluster surface in comparison to the structures presented
above, homonuclear correlation spectroscopy (COSY) and
9410 | Nanoscale, 2013, 5, 9404–9411
heteronuclear single quantum correlation (HSQC) were per-
formed (Fig. 6B and C, respectively).

The two-dimensional (2D) NMR data of Ag32 clearly rule out
complete protection of the core by –[RSC–Ag–SB(R)–Ag–SCR]–
units which would have resulted in two pairs of peaks at 2 : 1
ratio for –SCR and –SBR, respectively. It is to be noted that the
two peaks in a pair correspond to two hydrogen atoms on the 7th

position of glutathione. But, we have seen only one pair of
peaks, labeled [7,7], which are in 1 : 1 ratio. The presence of the
1 : 1 intensity ratio indicates that all the thiolates are in equiv-
alent environments. Based on the Au–thiolate structure of gold
clusters, one can see that the –[SC–Ag–SC]– unit alone possesses
equivalent thiolates. These results suggest that the Ag–thiolate
structure for Ag32SG19 is dominated by –[RSC–Ag–SCR]–.
However, complete protection of –[RSC–Ag–SCR]– is also not
possible due to the presence of an odd number of ligands
(19 SR). It suggests the presence of other Ag–thiolates. But peaks
corresponding to them are not detected in NMR, indicating that
they are few in number. From the theoretical study of Xiang
et al.50 and Balasubramanian et al.,51 we know that –[RS–Ag–RS]–
is a stable structural motif for a thiolate-protected Ag QCs. To
the best of our knowledge, this is the rst experimental evidence
for the –[RS–Ag–RS]– structural motif in thiolated Ag QCs. It is
in contrast to Au25 and Au38 clusters, where NMR study reveals
that they are dominated by –[RSC–Au–SB(R)–Au–SCR]–.
Summary and conclusions

In summary, we have synthesized –SG protected Ag32 clusters.
Assignment was made based on ESI MS and MALDI MS exper-
iments. Clusters were characterized with 1H NMR, 2D NMR,
XRD, etc. A cluster with same core was synthesized with MPG as
a protecting ligand. ESI MS and MALDI MS also conrm the
Ag32MPG19 composition. Based on NMR investigations, we
suggest that most likely the Ag–thiolate is composed of –[S–Ag–
S]– motifs. We believe that facile synthesis and the structural
insights presented here will stimulate further experimental and
theoretical studies on this system.
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Scheme S1. Photographs representing the changes at various stages during the synthesis of Ag32SG19 clusters. 

Photograph I is the initial mixture of silver nitrate and glutathione (both are colorless solids). Grinding the above for 

10 minutes leads to the formation of an Ag(I)SG thiolate (photograph II). This thiolate shows a featureless spectrum 

in its UV-vis profile (measured in water, data not shown). To this mixture, NaBH4(s) was added and ground 

(photograph III). A 10 mL of distilled water was added to the above mixture (photograph IV). This solution contains 

mixture of clusters which shows distinct peaks as shown in Figure 1a.   
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Figure S2. UV-vis absorption spectra of (a) the as-synthesized crude cluster, CC and (b) the solution obtained after 

keeping the crude cluster overnight at ambient conditions (giving aged crude, ACC). The spectrum of ACC is 

comparable to cluster 3 (trace 3, shown in Figure 1), except for the feature at 420 nm.  
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Figure S3. Photoluminescence spectra of clusters extracted from 2nd and 3rd bands of gel electrophoresis of CC. 

ACC also shows luminescence similar to cluster 3.  
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Figure S4.  CD spectra of GSH (a) and Ag32SG19 (b) compared with the absorption of ACC solution (c). 
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Figure S5. Absorption spectra of -SG protected Ag clusters (marked in green ellipse) from various groups, Kitaev et 

al.1 (a), Bigoni et al.2 (b) and Pradeep et al.3 (c), compared with the present cluster (d). Spectra a, b and c are 

reprinted from references 1, 2 and 3, respectively.  
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Figure S6. MS/MS spectrum of m/z 306 peak (anoin of glutathione) in the negative mode. Apart from the common 

H2O and NH3 losses, one prominent loss is due to C5H8O3N.  
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Figure S7.  ESI MS of Ag32SG19 measured in the negative mode in the range of  m/z 500-4000. The peaks of interest 

given in main text are in the marked region. Inset shows the ESI MS at the low mass region (m/z 400-1200). Peaks 

at m/z 936, 828, 522 and 414 are assigned to [Ag3SG2-H]-, [Ag2SG2-H]-, [Ag2SG-H]- and [AgSG-H]-, respectively.  
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Figure S8.  ESI MS of Au25SG18, measured under the same conditions as in the case of Ag32SG19. Spectrum shows 

the multiply charged species of [Au25SG18-nH]q- (where q= 6, 7, 8 and 9), which are labeled. The optimized conditions 

for this measurement are reported in the instrumentation section. 
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Figure S9. Photoluminescence spectra of Ag@MPG clusters in water at room temperature. 
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Figure S10. a) ESI MS of Au32MPG19, measured in the negative mode in the range of m/z 900-3200. All the peaks 

are marked with their respective ions. Sodium adduct of Ag27MPG16 is obtained due to the loss of Ag5MPG3  species 

(iii) from [Ag32(MPG-H)19NaxH16-x]3-. Mass spectrum in the range m/z 1000-3200 is enhanced for 5 times in the 

vertical axis. Labels i, ii and iii are [Ag4MPG3-H]-, [Ag4MPG3-H+Na]- and [Ag5MPG3-H]-, respectively. Simulated 

spectra for i, ii and iii, depicted with lines match well with the experiment. 
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Figure S11. XPS survey spectra, Ag 3d and S 2p regions (A, B and C, respectively) of the crude and Ag32SG19 

clusters (traces a and b, respectively). The Ag:S atomic ratio is 1:0.57±0.03 for Ag32SG19 which matches with the 

expected value 1:0.59.  
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Figure S12. FTIR spectra of GSH and Ag32SG19. The S−H stretching feature at 2572 cm-1 in GSH is absent in cluster 

which is in agreement with the XPS data. GSH features in the region 2000-500 cm-1 confirm the presence of SG 

protection of the cluster.  
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Figure S13. SEM-EDAX spectrum of Ag32SG19. (a) SEM image of the Ag32SG19 cluster aggregate from which the 

EDAX spectrum is taken. Elemental maps of (b) Ag Lα, (c) S Kα, (d) O Kα, (e) C Kα and (f) N Kα are shown. Si Kα is 

due to the substrate used. Ag:S atomic ratio measured is 1:0.56±0.03 which matches with the expected value of 

1:0.59 for Ag32SG19.  
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Figure S14. Comparison of the X-ray diffraction patterns of glutathione protected silver nanoparticles (Ag@SG NPs) 

and Ag32SG19 clusters (traces a and b, respectively). Nanoparticles show peaks corresponding to Ag planes (111), 

(200) (220), (311) and (222) whereas Ag32SG19 shows a broad peak around 2θ ≈ 38o. 
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Figure S15. TEM images of the Ag32SG19 before (A) and after electron beam irradiation for 5 min (B). Both are from 

the same regions of the grid. QCs are strongly sensitive to electron beam exposure and they convert gradually to 

larger aggregates or nanoparticles during TEM examination. 
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ABSTRACT: An atomically precise silver cluster, Ag152
protected with thiolate ligands, was used as a surface-enhanced
Raman scattering (SERS) substrate. The cluster shows intense
enhancement of Raman signals of crystal violet with an
enhancement factor of 1.58 × 109. Adaptability of the substrate
for a wide range of systems starting from dyes to biomolecules
is demonstrated. Solid-state drop casting method was used
here, and SERS signals were localized on the Ag152 crystallites,
confirmed from Raman images. Excellent periodicity of
clusters, their plasmonic nature, and absence of visible
luminescence are the main reasons for this kind of large
enhancement. SERS was compared with smaller clusters and
larger nanoparticles, and the size regime of Ag152 was found to be optimum. Several control experiments were done to
understand the SERS activity in detail. The method has wide adaptability as the cluster can be easily drop-casted on any surface
like paper, cotton, and so forth to produce effective SERS media. The work suggests that atomically precise clusters, in general,
can show SERS activity.

SECTION: Physical Processes in Nanomaterials and Nanostructures

Nanoscale atomic clusters of noble metals, especially gold
and silver, are emerging materials with novel properties.1

While much of the research effort in this area is focused on gold

aggregates,2−8 studies of silver clusters are relatively scarce,
though several well-characterized systems have been explored
rather recently.9−13 Characteristic features in optical absorption
and visible-to-near-infrared luminescence have made these
molecular systems new probes for analytical methodologies
using spectroscopy. As the nuclearity (number of atoms in the
cluster) increases, light emission shifts to the red and near-
infrared regions, and the absorption spectrum resembles that of
nanoparticles (NPs), with characteristic plasmon absorption-
like features. The emergence of plasmonic properties in
atomically precise clusters has been demonstrated with
Ag152.

9 This size regime is one at which visible luminescence
nearly disappears, and its absence may be advantageous for
scattering-based spectroscopies. In the past several years,
atomically precise clusters have been used for metal ion
sensing,14 biolabeling,3,15 cancer targeting,16 catalysis,17 and
many other applications.18 The small size, reduced or absent
cytotoxicity, diverse functionalization, and incorporation ability
in various matrixes are among the specific advantages of such
systems. The addition of other properties to the above list, in
particular, surface-enhanced Raman scattering (SERS),19−27

promises to increase efforts aimed at understanding and
utilizing these new materials.
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Figure 1. MALDI mass spectrum of a purified Ag152 cluster sample in
toluene. A DCTB matrix was used. It gives a sharp molecular ion peak
at m/z 24 610 ± 50 along with a prominent dication peak at m/z 12
300 ± 30. Inset (a) shows a photograph of a drop-casted film of a
Ag152 cluster on a glass slide. Multiple drop-castings can be done to
increase film thickness. Inset (b) shows the optical image of a drop-
casted film with crystal violet (CV) as an analyte. The image shows
microcrystallites of the cluster. A selected area of (b) was chosen for
Raman imaging, and the corresponding 3D view (with Raman
intensities in the narrow window) is given in inset (c).
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In this Letter, we show the occurrence of intense SERS in a
Ag152 cluster. This is the first report of the observation of SERS
in monolayer protected silver clusters, and therefore, it extends
the scope of applications of atomically precise clusters. The
results presented here using several analytes confirm the
adaptability of the substrate for diverse systems. Besides solid-
state measurements, we demonstrated the use of this material
for solution-phase studies as well. The enhancement in the
solid state is attributed to the creation of hot spots at specific
regions spread over the crystallites. The observation of an
enhancement factor (EF) on the order of 1.5 × 109 for Ag152
suggests a significant cost savings associated with the use of
these materials in comparison to typical silver NP systems
composed of ∼10 000 atoms. The results of our study can be

understood on the basis of reports where molecular systems
have been predicted to exhibit pronounced Raman enhance-
ment.28

As the characterization and properties of the Ag152 cluster
have been reported previously,9 we present here only the most
essential features that are of relevance to this study. The cluster
shows a well-defined MALDI mass spectrum (Figure 1A) at m/
z 24 610 with a prominent dication feature at m/z 12 300 with
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] ma-
lononitrile (DCTB) as the matrix.10,29 The cluster exhibits
faceted crystallites in SEM images (Figure S1, Supporting
Information), which also show the expected elements and the
intensities (data not shown) in energy-dispersive analysis of X-
rays (EDAX). Transmission electron microscopic (TEM)
images confirm the high uniformity of the cluster size and
shape (Figure S1, Supporting Information) and also suggest
excellent periodicity, which might be a reason for generating
hot spots on crystallite surfaces for the observed SERS activity.
An optical image of a portion of a drop-casted film is

displayed in Figure 1b, showing the microcrystalline nature of
the cluster. The Raman spectrum of crystal violet (CV) on a
drop-casted film of Ag152 is shown in Figure S2a (Supporting
Information). The spectrum shows all of the features of bulk
CV, and comparison of both is given in Figure S2 (Supporting
Information). The observed enhancement factor30,31 (EF =
1.58 × 109, details are in Supporting Information Table 1) is
unprecedented, and it is almost 3−4 orders of magnitude
greater than the corresponding silver NP system reported in the
literature.32 The SERS is localized on the crystallites of Ag152, as
confirmed from the Raman image shown in Figure 1c. The
Raman image was collected based on the intensities in the
1605−1646 cm−1 window. An image collected for a wider
window (150−1700 cm−1, in which CV has its characteristic
signals) also shows (Figure S3, Supporting Information) a
similar pattern. The direct correlation between the Raman
image and the optical image confirms (Figure S4A and B,
Supporting Information) the existence of active sites on the
crystallites. The corresponding spectra from dark green and
light yellow regions (Figure S4C and D, Supporting
Information) reflect the presence and absence of CV
characteristics, respectively, which proves that SERS sites are
the microcrystals of Ag152.
The SERS EF of the Ag152 clusters is compared in Figure 2

with that of the corresponding silver NP system with PET
(phenylethanethiol, in the thiolate form) protection. A film of
PET-protected plasmonic NPs of 3−4 nm diameter, prepared
through the use of a similar procedure to that used for the Ag152
cluster, exhibits an EF of 7.5 × 105. Additionally, we find that a
similarly prepared Ag55 cluster system, also protected with PET,
shows a reduced EF of 2.7 × 105. The unusually large SERS
enhancement of the Ag152 clusters compared to larger NPs and
smaller clusters may originate from the periodic arrangement of
the nanocrystallites, which brings about the formation of hot
spots between the clusters. The absence of emission in the
visible region assists the acquisition of the Raman spectrum,
which may be an issue for smaller and inherently luminescent
clusters.10,12,33 Another source for the high SERS enhancement
of the Ag152 clusters is their optical absorption spectrum, which
is comparable to the plasmon resonance of the silver NPs, and
it overlaps with the excitation line. From the foregoing, we
would like to emphasize that the observed EFs are not of the
isolated clusters but of their solid-state analogues, which
correspond to aggregated structures. However, the nature of

Figure 2. Comparative SERS spectra of CV on a drop-casted film of a
Ag55 cluster (A), Ag152 cluster (B), and 3−4 nm Ag NP (C). Similar
experimental conditions and the same laser intensities were used for all
of the cases shown. A PET-protected Ag55 cluster and NPs were used
here. The 50 μM CV was taken as the analyte. The spectra show
unprecedented enhancement of the Ag152 cluster compared to the Ag55
and the silver NP (compare the y axes).

Figure 3. The adaptability with other analytes is shown here; a, b, and
c show the SERS spectra of CV, rhodamine 6G (R6G), and adenine,
respectively. Characteristic Raman features of each of the analytes are
present. The 10−7 M CV and R6G and 10−6 M adenine were used for
the experiments. Instrumental parameters were kept constant.
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the intercluster regions responsible for enhancement cannot be
evaluated from the current experiments as they are under
subdiffraction limits and are not probed here.
Several control experiments were done to understand how

the nature of the films affects the SERS property of the clusters.
A decrease in the concentration of the Ag152 clusters by dilution
of the solution used for drop-casting (Figure S5, Supporting
Information) or an increase in the concentration by performing
multiple coatings (Figure S6, Supporting Information)
decreases the SERS intensity. Variations in the coverage or
concentration suggests that a specific morphology and number
of particles are important, which is in accordance with previous
observations.28 Besides the solid-state drop-casting method, we
have also studied SERS in the solution phase (data not shown),
where the EF (9.5 × 108) is somewhat lower. The
concentration dependence of the analyte (Figure S7,
Supporting Information) shows the lower detection limit of
CV to be 10−9 M. The corresponding spectrum has been
expanded 10 times to allow clear inspection of the features. The
intensity of the 1379 cm−1 peak is plotted against the
concentration, which shows the limit of detection. As clusters
are susceptible to electron- and laser-induced damage, we
characterized the film before and after SERS measurements.
Although UV/vis does not show any (Figure S8, Supporting
Information) significant change, we could see visible damage of
the film morphology after each experiment (data not shown).
Along with PET-protected silver NPs, the SERS of Ag152
clusters was compared also with that of citrate-capped NPs.
In the latter case, an expected enhancement (EF = 1.98 × 106),
as reported in the literature,32 was seen. The TEM image and
corresponding UV/vis spectra for the citrate- and PET-capped
NPs are given in Figure S9 (Supporting Information).

Another advantage of cluster-based materials is that they are
soluble in diverse media, and as a result, effective substrates can
be prepared easily. The cluster can be coated on paper (Figure
4A), cotton (Figure 4C), silk, as well as other materials, and
such active substrates can be dipped in analyte solutions, and
SERS measurements can be made. The clusters get coated
uniformly over the substrates, and the amount of silver loaded
to get complete coverage is much smaller in comparison to that
for plasmonic NPs, which contributes to the reduced cost of
such subtrates. Luminescence from paper and cotton, which
contain cellulose and other organic matter, can pose difficulties
for SERS detection. Consequently, glass was chosen as a better
substrate. It is important to note that clusters can be used to
create patterns, as described in our previous study, on gold
clusters,34 and such patterned surfaces will be useful for
diagnostics.
To check whether the SERS is restricted to CV, other

analytes were tried. Rhodamine 6G (R6G), which is another
often-used analyte for SERS experiments, shows a SERS signal
even at 10−7 M concentration (Figure 3b). Similar enhance-
ment was found for the biomolecule, adenine (Figure 3c). The
corresponding EFs are 1.08 × 108 and 1.30 × 108 for R6G and
adenine, respectively. The most intense bands in these cases
and their intensities are given in Table 2 (Supporting
Information). The Raman spectra consist of all of the
characteristic features of R6G and adenine, as reported in the
literature.35,36 These results suggests that the Ag152 cluster
system can be employed as a universal SERS substrate.
It may be noted that the resonance Raman (RR)37−39 effect,

strongly sensitive to the excitation energy,40 cannot be avoided
for the case of CV as the excitation wavelength is 532 nm. Even
for R6G, it can interfere,39 but adenine, which does not show a
RR effect41−44 for this excitation, also shows similar enhance-

Figure 4. Photographs of Ag152 clusters coated on paper (A,B) and cotton (C,D) before (A,C) and after (B,D) CV was drop-casted. The inset of (B)
shows the Raman spectrum of CV taken from the cluster-coated paper substrate.
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ment, suggesting that the enhancement here is principally due
to SERS. To further prove the point, additional measurements
were carried out at 633 nm excitation. For R6G, CV, and
adenine (all measured at 5 μM concentration, drop-casted), a
glass substrate gave spectra comparable to those reported here
with EFs of 1.1 × 108, 1.6 × 109, and 1.4 × 108, respectively.
Comparative spectra due to 532 and 633 nm excitations are
given in Figure S10A (Supporting Information). Hence, the
enhancement here is largely due to SERS.
In summary, the results presented in this Letter show that

atomically precise clusters are new candidates for SERS
measurements. Their plasmon-like optical feature, crystalline
nature (of the individual nanoclusters and their assembly), and
the absence of visible luminescence are among the main
reasons for this enhancement. Unprecedented EFs, broad
applicability to a number of analytes, and adaptability to various
substrates, including glass, paper, and cotton, suggest the
possibility for surface functionalization, which makes this
system highly useful along with the large reduction in cost in
comparison to plasmonic nanosystems.

■ EXPERIMENTAL METHODS
Details of the chemicals used are given in the Supporting
Information. Ag152(PET)60 [PET: phenylethanethiol, in the
thiolate form] was synthesized by a solid-state method.11

Briefly, the method involves grinding of AgNO3 with PET in a
molar ratio of 1:5.3 to form silver thiolate. Subsequent addition
of 0.675 mmol of NaBH4 in the solid state and continuous
grinding created the cluster, which was initially extracted in
ethanol to remove the unreacted thiol by centrifugation
followed by re-extraction of the residue with toluene (addi-
tional details are given in the Supporting Information). Ag55
clusters and Ag NPs protected with PET were also prepared.
The clusters were characterized by a number of analytical
methods (details are in the Supporting Information).
This cluster solution was drop-casted on glass coverslips to

create SERS-active substrates. Analyte solutions were drop-
casted on them and were left to dry in ambient laboratory
conditions. Raman investigations were done with 532 and 633
nm excitation using a WITec confocal Raman microscope
(details are given in the Supporting Information). All of the
spectra were collected after background correction to exclude
fluorescence interference.40 For comparison, data without
background correction is given in Figure S10B (Supporting
Information) (for 532 nm excitation).

■ ASSOCIATED CONTENT
*S Supporting Information
Details of experimental procedures, EF calculation and
characterization of Ag152 clusters and other materials, one-to-
one correlation of the Raman image with the optical image,
control experiments with variation in concentrations and
coatings, comparison with data from nanoparticles, images
from different substrates, SERS spectra at two excitations, and
data without background correction. This material is available
free of charge via the Internet at http://pubs.acs.org.
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Materials and methods: 

1. Chemicals  

Silver nitrate (AgNO3, 99% Aldrich), sodium borohydride (NaBH4, 99.9%, Aldrich); 2-

phenylethanethiol (PETH, 98%, Aldrich); crystal violet, R6G (S. D. Fine Chem. Ltd, India), 

adenine (99%, Aldrich); ethanol (Changshu Yangyuan Chemical, China, AR grade), 

tetrahydrofuran (THF) (MERCK, HPLC grade) and toluene (Rankem, AR grade) were used in 

this synthesis. All the chemicals were commercially available and were used without further 

purification. Locally available cotton and paper were used as a substrate.  

2. Synthesis of Ag152(SCH2CH2Ph)60 

The synthesis of Ag152 cluster protected by PET (2-phenylethanethiol, in the thiolate 

form) involves the following steps. Initially, 23 mg of AgNO3 and 100 µL of PET were ground 

well in a clean agate mortar using a pestle. The color of the mixture changes to pale orange 

showing the formation of silver thiolate. To this mixture, 25 mg of solid NaBH4 were added and 

the content was mixed well. 3 mL of ethanol was added to the mixture and mixed well after 

which 2 mL of ethanol was added for the washing the mixture. The mixture was kept for 15-30 

sec till there is a color change from pale orange to deep grey. The contents were then taken into a 

centrifuge tube and centrifuged at 1600 rpm. The centrifugate was removed and the residue was 

dissolved in 5 mL toluene/THF. The Ag152 clusters were obtained from the toluene extract, 

which was dark brown in color.  

3. Synthesis of Ag55(SCH2CH2Ph)

4. Synthesis of Ag@PET nanoparticle 

31 

Similar to the above experiment only the silver and thiol ratio was taken as 1:4 and the cluster 

was again washed with heptanes after ethanol wash followed by the extraction in toluene. 

S10 Comparative spectra due to 532 and 633 nm excitations and 

data without background correction 

15 
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Similar to above experiment; here silver nitrate and thiol ratio is 1:1 

5. Drop casting method 

5 µL of cluster solution was taken and drop casted on a glass slide to make a thin film and kept 

under ambient condition for drying. The analyte solutions were then drop casted on the film of 

the cluster and dried. The dried films were inserted into Raman spectrometer for the SERS 

measurements. For solution phase experiments, the analyte (in methanol) was mixed with cluster 

solution and a drop of the mixture was examined by the microRaman set-up. 

6. Instrumentation 

UV-Vis spectra were measured with a PerkinElmer Lambda 25 instrument in the range of 200-

1100 nm. High resolution transmission electron microscopy (TEM) of clusters was carried out 

with a JEOL 3010 instrument. The TEM samples were drop casted on carbon-coated copper 

grids and allowed to dry under ambient conditions. Matrix-assisted desorption ionization mass 

spectrometry (MALDI MS) studies were conducted using a Voyager-DE PRO Biospectrometry 

Workstation from Applied Biosystems. The matrix used was DCTB (at 1:100 ratio of sample to 

matrix). A pulsed nitrogen laser of 337 nm was used for the MALDI MS studies. Mass spectra 

were collected in positive ion mode and were averaged for 200 shots. Scanning electron 

microscopic (SEM) was performed with a FEI QUANTA-200 SEM. For measurements, samples 

were drop casted on an indium tin oxide (ITO) coated glass and dried in vacuum. Raman spectra 

and images were done with a WITec GmbH, Alpha-SNOM alpha300 S confocal Raman 

microscope having a 532 nm and 633 nm laser as the excitation source. Background correction 

was done with the help of the software equipped with the Raman instrument. Initially, the 

spectrum is fitted with a proper polynomial which was subtracted from the original spectrum. 

7. EF calculation 

The enhancement factor1 (EF) was calculated using the standard formula 

EF = ISERS * CNR / INR * C

where I
SERS 

SERS and INR are the integral intensity obtained by SERS and normal Raman scattering 

measurements, respectively. CSERS and CNR are the concentration of molecules used for SERS and 
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normal Raman scattering measurements, respectively. Maximum intense peak was considered 

for EF calculation. 

 

 

 

 

Table 1. EF calculation 

 

 
Substrate Molecule C ISERS CSERS NR/I EF NR 

Ag55 CV  cluster 5 × 10-5 210  M 6.6 × 10 2.70 × 10-2 5 

Ag@PET NP CV 5 × 10-5 570  M 6.6 × 10 7.52 × 10-2 5 

Ag@Citrate CV 5 × 10-5 1500  M 6.6 × 10 1.98 × 10-2 6 

Ag152
CV  

cluster 

5 × 10-9 120  M 6.6 × 10 1.58 × 10-2 9 

R6G 1 × 10-7 180  M 6.0 × 10 1.08 × 10-2 8 

Adenine 1 × 10-6 200  M 6.5 × 10 1.30 × 10-1 8 

 

Another way2 of EF calculation is  

EF = (ISERS/Inorm)(Nbulk/Nsurf) 

Where ISERS, Inorm, Nbulk, and Nsurface are the measured SERS intensities for a monolayer of probe 
molecules (CV) on the Ag152 film, the measured intensity of non-enhanced or normal Raman 
scattering from a bulk sample, the number of the probe molecules under laser illumination for the 
bulk sample, and the number of the probe molecules on Ag152 cluster, respectively. Nbulk and 
Nsurf values were calculated on the basis of the estimated density of the surface species or bulk 
sample and the corresponding sampling areas. Nbulk and Nsurf can be calculated form the 
following equation, 

Nsurf = 4πr2CAN 

Nbulk = Ahρ/M 
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where r (1 nm), C (106/µM3), A (3.14 x 1µM2), and N (4250/ µM2) are the average radius of the 
particles in the Ag152 cluster, surface density of the CV monolayer, the area of the laser spot, and 
the surface coverage of the particles (particles/ μm2) in the Ag152 cluster, respectively. 
Parameters A, h (10 µM), ρ (0.83 g/cm3), and M (407.99 g) are the area of the laser spot, the 
penetration depth, the density of solid CV (∼0.83 gcm-3), and the molecular weight of CV, 
respectively. The EF is calculated to be 1.96 × 109 for Ag152

Figure No. 

 with CV as the analyte. 

 

Table 2.  Frequencies and intensities of the most intense bands of Figures 2 & 3. 

Substrate Molecule Frequency 

(cm-1

I

) 
max 

2 Ag55 CV  cluster 1614 210 

Ag152 CV  cluster 1614 16110 

AgNPs CV 1614 570 

3 Ag152 CV  cluster 1614 500 

R6G 1360 180 

Adenine 730 200 
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Figure S1.  The optical absorption spectra of purified Ag152 clusters plotted in terms of energy 

(A), it shows the plasmonic band at 2.69 eV (460 nm). Inset: a) TEM image of the cluster which 

shows periodic arrangement of clusters and mono dispersity, b) SEM image of microcrystals of 

the cluster, and c) photograph of Ag152 cluster solution in toluene, taken in a cuvette. 
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Figure S2.  The SERS spectrum of CV (5 µM) taken from (a) drop casted film of Ag152

 

 cluster 

and (b) Raman spectrum of bulk CV.   
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Figure S3.  The Raman image of a selected area collected in a wider (150 cm-1 to 1700 cm-1) 

window.  
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Figure S4.  A: the optical image of a selected part of the sample. B: Corresponding Raman 

image, which shows that the “hot spot” are on the cluster surface and intensity comes 

spontaneously form all the area of each microcrystal. C and D: SERS spectra from the dark green 

and light yellow zone, respectively.  
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Figure S5.  Morphological change on dilution of the cluster solution; A: drop casted as-
synthesized clusters, B: 10 times diluted; and C: 100 times diluted. D: SERS spectra for different 
cluster concentrations among which as-synthesized cluster showing maximum SERS intensity. 
For all the cases, same concentration (5 µM) of CV was added. 

 

 

 

 

 



11 

 

A B

C

400 800 1200 1600

0.0

2.0k

4.0k

6.0k

8.0k

 

 Single coating
 Double coating
 Triple coating
 Quadruple coating

Raman shift (cm-1)

Int
en

sit
y

D

Supporting information 6 

 

 

 

 

 

 

 

 

Figure S6.  Morphological change in coating variation; A: single coating, B: double coating; C: 

triple coating. D: SERS spectra for different number of coatings. Single coating shows the 

maximum intensity. For all the cases, same concentration (5 µM) of CV was used. 

 

 

 

 

 



12 

 

5x10-8
5x10-7

5x10-6
5x10-5

I 1
37

9 

5x10-9

0

2000

4000

6000

8000

10000

12000

X 10

Supporting information 7 

 

 

 

 

 

 

 

 

 

 

Figure S7.  The SERS spectra of crystal violet with different concentrations. The lower detection 

limit is 5 × 10-9 M. The spectrum is expanded 10 times in the Figure. Inset shows the intensity of 

the 1379 cm-1 

 

peak for all the CV concentrations. 
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Figure S8.  UV/Vis of cluster solution taken before and after the laser exposure. There as some 

laser induced damage to the cluster. For this experiment, the selected area was exposed for 10 

minutes and redispersed in toluene to check the UV/Vis. 
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Figure S9.  UV/Vis spectra of Ag@citrate (A) and Ag@PET (B) nanoparticles which show the 

characteristic SPR at 400 nm and 460 nm, respectively. Insets show the corresponding TEM 

images. C: Raman spectrum of CV taken from a drop casted film of Ag@citrate nanoparticle.  
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Figure S10. SERS spectra of 50 µM CV with 532 (black trace) and 633 nm (red trace) excitation 

(A). The corresponding data without background correction is given in Figure B (for 532 nm 

excitation). 
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ABSTRACT: Selenolate protected, stable and atomically precise, hollow
silver cluster was synthesized using solid state as well as solution state routes.
The optical absorption spectrum shows multiple and sharp features similar to
the thiolated Ag44 cluster, Ag44(SR)30 whose experimental structure was
reported recently. High-resolution electrospray ionization mass spectrometry
(HRESI MS) shows well-defined molecular ion features with two, three, and
four ions with isotopic resolution, due to Ag44(SePh)30. Additional
characterization with diverse tools confirmed the composition. The closed-
shell 18 electron superatom electronic structure, analogous to Ag44(SR)30
stabilizes the dodecahedral cage with a large HOMO−LUMO gap of 0.71 eV.
The time-dependent density functional theory (TDDFT) prediction of the
optical absorption spectrum, assuming the Ag44(SR)30 structure, matches the
experimental data, confirming the structure.

SECTION: Physical Processes in Nanomaterials and Nanostructures

Noble metal nanoparticles1−4 and their atomically precise
analogues,5−7 called by various names (artificial atoms,

nanomolecules, and quantum clusters), due to their diverse and
technologically relevant properties have had a profound impact
on the science of nanosystems.8−16 Nearly all of these systems
have been prepared with thiols8,11,15,17−19 as their protecting
agents, although phosphines have been the preferred ligands in
the early period of this science.20−24 Accurate structures of
some of the thiolated clusters are now available in the
literature.25−30 Most of these pertain to gold and the first
crystal structures of silver analogues31,32 have just appeared.
Many other silver clusters have been identified by mass
spectrometry.33−36 The most recent Ag44(SR)30 system forms a
Keplerate solid of concentric icosahedral and dodecahedral
atom shells, which are further protected by six Ag2(SR)5 units
in an octahedral geometry, as revealed from single crystal
studies.37,38 It is the first hollow cage system of a noble metal
cluster to have been crystallized with thiolate protection
although a cage structure has been predicted for Au144(SR)60

39

and more recently for Ag152(SR)60.
40

In this Letter, we report the Ag44(SePh)30 (1) system, the
very first selenolate analogue of a silver cluster with nearly
identical properties of the thiolate system. Examples of
selenolate protected clusters are very few in the literature;
those available are on gold and show higher stability compared
to the thiolate analogues.41−44 However, selenolate protected
silver nanoparticles have been reported by Zaluzhna et al.45 The

homologous family of Ag44(XR)30 system
37,38,46−48 (X = S, Se)

and their unique properties with molecule-like optical
absorption, high stability, easy synthesis, and potential to
scale up are expected to attract immediate attention of the
scientific community. Density functional theory (DFT)
calculations reveal that the exceptional stability of the cluster
can be traced back to a strong electronic shell closing at 18
electrons similar to the reported case of the Ag44(SR)30

4−

cluster38 and time-dependent DFT (TDDFT) calculations of
Ag44(SePh)30

4− based on the reported structure of the thiolate
analog predict an optical absorption spectrum in complete
agreement with the experiment.
Ag44(SePh)30 (1) was made initially via a solid state method

originally reported for the Ag9(SR)7 system, with significant
modifications (see the Experimental Methods section for
details).49 Solid state reaction conducted in a mortar and
pestle under ambient atmospheric condition results in a series
of color changes (photographs are given in Figure S1). In the
solid state route, the cluster growth is controlled by the limited
supply of water needed for the reduction of silver thiolate by
NaBH4 (s), which becomes available from the laboratory
atmosphere as well as from the ethanol used for subsequent
washing.40 The cluster appeared deep pink (inset of Figure 1)
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in acetone/acetonitrile that was stored at 4 °C in a refrigerator.
The yield was 80%. It is important to note that at room
temperature (25 °C) and atmospheric conditions, the cluster
degrades in 15 days forming yellow Ag-selenolates. However,
stability is of the order of months in the solid state in the
refrigerator. We have also used a solution phase route to make
the clusters, a modified version of the process used to make
Ag44SR30.

47 The corresponding thiolated cluster, Ag44(4-FTP)30
(FTP = 4-Fluorothiophenol) (2) was also prepared for
comparison.47,48 Details of experimental procedures and
characterization methods including density functional compu-
tations are given in the Supporting Information.
The optical absorption spectrum of 1 (black trace in Figure 1

and S2Aa) shows characteristic features in the 300 to 900 nm
region. Five intense bands at 1.41(879), 1.82 (681), 2.16 (574),
2.40 (516) and 2.82 (440) eV (nm) along with three broad
bands centered around 1.27 (970), 1.95 (635) and 3.14 (395)
eV (nm) were seen. Interestingly, the spectral features are
matching with the corresponding thiolated Ag44 cluster 2 (red
trace in Figure 1 and S2Ab) identified by Harkness et al.48

However, some red shift is seen, attributed to a size effect as
discussed later. Here, it may be noted that the ligand does not
contain substituents on the phenyl ring, which would modify
the electron density. The profound similarity of the spectrum
with that of cluster 2 made us explore its properties in greater
detail. The cluster synthesized through the solution phase
shows similar features in the optical absorption spectra as the
cluster made through the solid state. Comparative spectra for
both are given in Figure S2B. The time-dependent data for the
cluster synthesized through solid (Figure S3A) and solution

(Figure S3B) state routes show increased stability of the
samples under ambient conditions.
Further confirmation of the composition comes from mass

spectrometry. Electrospray ionization mass spectrometry gave
sharp and distinct 4-, 3-, and 2- features of Ag44(SePh)30 and
the spectrum reveals Ag44(SePh)30 as an integral species
(Figure 2a). The 2- feature shows a series of closely spaced
peaks centered at m/z 4727.5 with a width of ±12, due to the
characteristic isotope distribution which matches well with the
calculated pattern. The experimental and calculated spectra are
compared in Figure 2b. It is important to note that Se has six
isotopes and in conjunction with the two isotopes of silver with
equal abundance, peaks in the 4- and 3- regions are complex.
Sodium exists as a countercation with the cluster. Despite these
complexities, expanded spectrum in the 3- charge state clearly
shows the isotope resolution (Figure S4). The 4- feature is
weak and, consequently, the isotope resolution is unclear
(Figure S4). The reason behind higher intensity of 3- compared
to 4- is unknown, but it is important to note here that the
intensity also depends on instrument parameters. We optimized
the conditions to achieve the best isotope resolution,
irrespective of relative intensity. Although a 4- ion is seen, we
note that ESI MS does not confirm the existence of this charge
state in solution as additional ionization events can occur
during electrospray. Even 5-, 6-, and 7- peaks are also observed
for Ag44(SR)30.

46

The mass spectrometric suggestion of the molecular formula
was confirmed by various analytical measurements. Thermog-
ravimetric (TG) analysis of 1 shows a single and sharp mass
loss (at ∼240 °C) of 48.38%, as expected (Figure 3a). Part of
the counterion, sodium (as Ag44(SePh)30 is a 4- species, see
below) may still be attached with the cluster at 550 °C, which
leaves some uncertainty in calculating the exact % loss. The
weight loss starts from ∼200 °C, which is quite a high
temperature compared to the most stable Au25(SeR)18 cluster,

41

suggesting high stability and rigidity of the cluster. A cluster
core of 1.0 ± 0.2 nm was confirmed from TEM (Figure 3b),

Figure 1. The optical absorption spectra for cluster 1 (black trace) and
2 (red trace), respectively, in acetone and THF solvent, plotted in
terms of energy. Dashed blue line shows the corresponding calculated
optical absorption spectrum of cluster 1. The individual optical
transitions in the calculated spectrum are broadened by 0.05 eV
Gaussians, and the intensity is scaled to match with the experimental
spectrum; details are given in the Supporting Information. The
spectrum reveals multiple maxima with five prominent bands and three
broad bands. The computed spectral features are matching very well
with cluster 1. The red shift in the Se analogue, shown with vertical
lines originates from a simple size effect as discussed in the text. Inset
shows the photograph of cluster 1 solution in acetone, taken in a
cuvette.

Figure 2. (a) HRESI MS of as-synthesized cluster 1 taken in negative
mode. The spectrum shows clear 2-, 3- and 4-ions of the Ag44(SePh)30.
Clean spectrum suggests the purity of the as-synthesized cluster.
Sodium exists as the counterion. (b) Expanded mass spectrum of the
2-ion (black traces). Spectrum is matching exactly with the calculated
one (red trace).
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which is quite similar to that reported for the Ag44(SR)30 cluster
where the core size was found to be 1.3 nm. Uncertainty of the
measurement at such small core sizes prevented us from getting
a closer value. The narrow size distribution suggests uniformity
of the cluster. Elemental analysis (Figure S5) showed an Ag:Se
ratio (1:0.679) similar to that expected (1:0.682). Other
expected elements are also seen in the spectrum. The loss of
Se−H proton (at 3.5 ppm) was seen in 1HNMR, which
confirms the binding of silver with the selenolate species
(Figure S6). Because of metal attachment to the ligand, the
aromatic protons show downfield shift and they get broadened
as expected.
XPS of 1 shows the expected elements in the predictable

intensity pattern (Figure S7). Ag 3d appears at 367.6 eV, typical
of metallic silver (Figure 3c). It is important to note that the
difference between Ag(0) and Ag(I) is small (0.5 eV)50 and a
precise determination of the valence state is not possible with
the available instrumental resolution. Se 3d appears at 53.5 eV
as expected (Figure 3d) for the selenolate system.43 However,
as there is a possibility of X-ray induced damage, the Se 3d
region shows an additional feature at 55.9 eV. This kind of X-
ray-induced damage is seen in the thiolate system,51 possibly
due to the sulfate or sulfonate species, arising from X-ray
exposure.
Motivated by the similarity of the measured optical spectra of

Ag44(XR)30 (X = S, Se) clusters, we performed DFT
computations of the electronic ground state and TDDFT
computations on the optical spectrum (blue trace in Figure 1)
of Ag44(SePh)30

4− based on the resolved structure38 of the
thiolate analogue, Ag44(SPhF2)30

4‑ (for computational details,
see Supporting Information). Very small but systematic
expansion of the selenolate protected cluster as compared to
the thiolate-analogue was observed in the DFT-optimized

structure of (1) shown in Figure 4 (for comparison of
important bond lengths, see S8 Table 1). These differences are
mainly due to the slightly larger covalent/ionic radius of Se
compared to S. The free electron count of the compound in the
4- charge state is 18, applying the simple electron counting rule
of ref 52. This corresponds to the 1S2 1P6 1D10 superatom
electron configuration, thus leaving the 2S2 and 1F14 manifolds
empty (see Figure S9 showing the electronic density of states
for the region of the superatom 1D, 2S, and 1F states). The
destabilization of the 2S2 superatom state is due to the hollow
cage structure of the inner metal core.
The calculated HOMO−LUMO gap is 0.71 eV showing the

electronic stability. The HOMO−LUMO optical transition is,
however, dipole-forbidden, and the optical gap is therefore
slightly larger. The calculated optical absorption spectrum of
Ag44(SeR)30 for charge state 4- matches with all the observed
major features, thus indicating that the known structure of
Ag44(SR)30 is very likely the structure of Ag44(SeR)30 as well.
The slight red shift of the excitations as compared to the
thiolate cluster can be understood as a size effect from a slightly
larger total volume of the selenolate cluster, as most of the
transitions involve not only metal core electrons but the pi-
systems of the ligand layer as well, in analogy to the
corresponding thiolate-stabilized cluster.38

In summary, we show the existence of an extremely stable
silver cluster system protected with selenolate, Ag44(SePh)30.
The UV−Vis spectrum of this compound is almost identical to
the recently (structurally) solved Ag44(SR)30, and TDDFT
computations assuming the structure of the thiolate cluster
reproduce the experimental UV−Vis data accurately. The
stability of the cluster arising from the closed shell 18-electron
system and structurally stable Keplerate core is clear from the
electronic structure calculations. We believe that similarity of
the Ag44(XR)30 (X = S, Se) system would lead to the
exploration of properties of analogous metal nanosystems.

Figure 3. (a) TG analysis of cluster 1. The spectrum shows a sharp
loss at 240 °C. Mass loss started from ∼200 °C onward, suggesting
high stability for the cluster. HRTEM image in b shows tiny particles
and an expanded portion is given in the inset. Some particles are
marked with yellow circles. Inset shows the size distribution. Narrow
distribution suggests high uniformity of the cluster. Expanded XPS
spectra of Ag 3d (c) and Se 3d (d). Peak positions are marked
accordingly. The 55.9 eV feature in d is due to X-ray induced damage
of the sample.

Figure 4. (a) Computationally relaxed structure of the Ag44(SePh)30
4‑

cluster, showing in addition (b) the structure of one Ag2(SePh)5
surface unit and the (c) icosahedral and (d) dodecahedral shells of the
metal core. Ag: gray; Se: orange; C: green; H: cyan.
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■ EXPERIMENTAL METHODS
Materials used in the synthesis are listed in the Supporting
Information.
1. Solid State Synthesis of Cluster 1. Initially, 23 mg of AgNO3

(s) and 30 μL of benzeneselenol (l) were ground well in a clean
agate mortar using a pestle. The color of the mixture changes to
yellowish orange showing the formation of silver selenolate. To
this mixture, 25 mg of solid NaBH4 were added and the content
was ground well until the color became dark yellow. Then, 5
mL of ethanol was added to the mixture and mixed well.
Ethanol was added to wash out the extra ligand. The mixture
was kept for 15−30 s until there was a color change from dark
yellow to deep brown. The contents were then taken in a
centrifuge tube and centrifuged at 3600 rpm for 4 min. The
centrifugate was removed, and the residue was dissolved in
acetone and again centrifuged for 3 min. The cluster, extracted
in acetone, was collected and the residue was discarded. Deep
pink colored Ag44 cluster was obtained in acetone and it was
stored in a refrigerator at ∼4 °C. The percentage yield was 80%.
Similarly, the Ag44 cluster can also be extracted in
tetrahydrofuran (THF) and acetonitrile. In THF, it is
comparatively less stable (stable up to 15 days) in contrast to
acetonitrile and acetone (stable up to 2 months at ambient
condition).
2. Solution Phase Synthesis of Cluster 1. This is a modified

procedure of Bakr et al.,40 where a two step synthesis route was
followed. First, silver trifluoroacetate (15.78 mg, 0.0714 mmol)
was dissolved in 7.2 mL acetonitrile and stirred for 5 min.
Benzeneselenol (5 μL, 0.0471 mmol) was added to that
solution and was left to stir for another 15 min (Solution A). In
another conical flask, 28.6 mL acetonitrile solution of NaBH4
(10.8 mg, 0.286 mmol) was kept for stirring for 30 min
(Solution B). Then, Solution B was added to Solution A, and
the reaction mixture was left to stir for 3 h at room
temperature. The deep pink colored cluster was formed after
3 h and it was stored in refrigerator at ∼4 °C.
Computational methods are presented in the Supporting

Information.
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Details of experimental procedures, instrumentation, descrip-
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1. Chemicals  

 

Silver nitrate (AgNO3, 97%), silver trifluoroacetate (97%), sodium borohydride (NaBH4, 

97%), bezeneselenol (95%), ethanol (AR grade), acetone (AR grade), tetrahydrofuran (AR 

grade) and acetonitrile (AR grade) are from Wako Pure Chemical Industries. All the chemicals 

were commercially available and were used without further purification.  

 

2. Instrumentation 

The UV/Vis measurements were carried out using a double-beam spectrometer (Jasco V-630). 

The absorbance of raw spectral data are corrected [I(E)] using the following equation and plotted 

in terms of energy [(1239.8/ Wavelength in nm) = Energy in eV]. 

 

 

Electrospray ionization mass spectrometry (ESI MS) was performed using a Fourier-transform 

ion cyclotron resonance (ESI-FT-ICR) (Bruker, Solarix). 1 mg/mL solution of Ag44 cluster (in 

acetone) was used for the measurements with a flow rate of 800 µL/h and the spectra were 

collected in negative mode. 1HNMR spectra were measured using a 500 MHz Bruker Advance 

III spectrometer operating at 500.13 MHz and equipped with a 5 mm triple-resonance PFG 

probe. The sample was prepared in (CD3)2CO. Thermogravimetric analysis (TGA; Bruker, 

TGA2000SA) was performed using 4.7 mg of Ag44 cluster at a heating rate of 10 °C/min in the 

temperature range of 25–500 °C. Transmission electron microscopy (TEM) images were 

recorded using an electron microscope (Hitachi, H-7650) operated at 100 kV, typically using a 

magnification of 100,000. The samples were drop casted on carbon-coated copper grids and 

allowed to dry under ambient conditions. Scanning electron microscopic (SEM) and energy 

dispersive X-ray (EDAX) analyses were performed with a FEI QUANTA-200 SEM. For 
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measurements, samples were drop casted on an indium tin oxide (ITO) coated glass and dried in 

vacuum. X-ray photoelectron spectroscopy (XPS) measurements were conducted using an 

Omicron ESCA Probe spectrometer with polychromatic MgKα X-rays (hυ=1253.6 eV). The 

samples were spotted as drop-cast films on a sample stub. Constant analyzer energy of 20 eV 

was used for the measurements. 

 

3. Computational methods 

We used density functional theory (DFT) as implemented in the real-space code-package GPAW 

(Grid-based projector-augmented wave method).2 Structure optimization was performed using 

full ligands as used in the experiment, the Perdew-Burke-Ernzerhof (PBE) functional,3 0.2 Å grid 

spacing and 0.05 eV/Å convergence criterion for the maximum forces acting on atoms in 

clusters. The GPAW set-ups for Ag include scalar-relativistic corrections. Superatom electron 

state symmetries were analyzed by projecting the wave functions to spherical harmonics with 

respect to the center of mass of the cluster as described in Ref. 4. Optical absorption spectra were 

calculated for the PBE relaxed structures using linear response time-dependent DFT and Casida 

method.5 
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Figure S1. Photographs of various steps during the synthesis. I) ground silver nitrate in a mortar, 

II) addition of benzeneselenol (PhSeH) to I, III) addition of NaBH4 to II, IV) ethanol addition to 

III, V) reaction mixture in a centrifuge tube for centrifugation, VI) residue after centrifugation, 

extracted in acetone. The solution, being concentrated, does not show the pink color clearly. The 

reduction started when NaBH4 was added and the limited supply of humidity from laboratory 

atmosphere and moisture from ethanol controlled the growth. Up to step 3, reaction occurs in the 

solid state. Extraction and washing can also contribute to reduction but the process has started in 

step 3 itself which gets completed in step 4, after the addition of ethanol. However, upon keeping 

the system in humid air, reaction can be completed, but will take longer time. The product is also 

different. 
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Figure S2. A: The optical absorption spectra for clusters 1 and 2 in acetone and THF, 

respectively. ‘B’ shows Comparative UV/Vis spectra of cluster 1 synthesized through solid (a) 

and solution state (b) routes. Difference, especially in the high energy region is due to the 

solvents used for measurements (solution phase – acetonitrile and solid state - acetone). 

Supporting information 3. 

 

 

 

 

 

 

Figure S3. Time dependent UV/Vis spectra of cluster 1 synthesized through the solid and 

solution state routes (A and B, respectively). 
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Figure S4. Expanded mass spectra in the 3- and 4- regions of cluster 1. 
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Figure S5. SEM/EDAX spectrum of cluster 1 showing the expected elements. Ca, Sn, and Si are 

coming from the indium tin oxide plate used as the substrate for drop casting the sample. 
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Figure S6. 
1HNMR spectra of benzeneselenol (A) and cluster 1 (B). The sample was taken in 

(CD3)2CO. 
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Figure S7. XPS survey spectrum of cluster 1. 
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 Ag12 Ag12 � Ag20 Ag20 Ag – X  (X = Se, 

S) 

aAg44(SePh)30
4- 2.908 2.906 3.262 2.713 

bAg44(SPhF2)30
4- 2.881 2.879 3.231 2.595 
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Table 1.   Selected bond lengths in the clusters (in Å). Ag12 denotes bond lengths in the first 

icosahedral shell, Ag12 � Ag20 between the first and the second (dodecahedral) shell, and Ag20 

within the second shell. a This work, b from ref. 38 in the main text.  

 

Supporting information 9.  

 

Figure S9. Analysis of the electronic structure of [Ag44(SePh)30]
4- as shown by a projected 

density of electron states (PDOS) vs. state energy in eV. The colors denote weights of 

projections of individual Kohn-Sham electronic states onto various spherical harmonics centered 

at the center-of-mass of the cluster. The projection is done up to the angular momentum of L = 6 

(I symmetry) as described in detail in ref. 38. (C). The gray area in the peaks shows the weights 

of angular momenta L > 6. The HOMO-LUMO gap is centered around zero energy. The states 

around the HOMO- LUMO gap, in the region -1 eV to +1.5 eV, can be described by a single 

dominant angular momentum character that changes from D-symmetry (blue) to S-symmetry 

(red) over the HOMO-LUMO gap. Immediately after the S-state, there is a sequence of 7 F – 

symmetric states. Thus in this energy region, the superatom state sequence 1D10 2S2 2F14 is seen. 

The occupied states in the region -2.6 eV to -1 eV are dominantly ligand states, and the silver 4d 

states span energies < -2.6 eV. 
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Noble metal alloy clusters in the gas phase derived from
protein templates: unusual recognition of palladium by
gold†

Ananya Baksi and T. Pradeep*

Matrix assisted laser desorption ionization of a mixture of gold and palladium adducts of the protein

lysozyme (Lyz) produces naked alloy clusters of the type Au24Pd
+ in the gas phase. While a lysozyme–Au

adduct forms Au18
+, Au25

+, Au38
+ and Au102

+ ions in the gas phase, lysozyme–Pd alone does not form

any analogous cluster. Addition of various transition metal ions (Ag+, Pt2+, Pd2+, Cu2+, Fe2+, Ni2+ and

Cr3+) in the adducts contributes to drastic changes in the mass spectrum, but only palladium forms

alloys in the gas phase. Besides alloy formation, palladium enhances the formation of specific single

component clusters such as Au38
+. While other metal ions like Cu2+ help forming Au25

+ selectively, Fe2+

catalyzes the formation of Au25
+ over all other clusters. Gas phase cluster formation occurs from protein

adducts where Au is in the 1+ state while Pd is in the 2+ state. The creation of alloys in the gas phase is

not affected whether a physical mixture of Au and Pd adducts or a Au and Pd co-adduct is used as the

precursor. The formation of Au cores and AuPd alloy cores of the kind comparable to monolayer

protected clusters implies that naked clusters themselves may be nucleated in solution.
1. Introduction

Monolayer protected sub-nanometer clusters of noble metals
having precise composition are some of the most fascinating
materials of current research.1–5 Intense luminescence, unusual
catalysis, and novel physical properties (such as magnetism)
have made these systems subjects of passionate research.
Despite the discovery of numerous clusters with diverse
composition,6–26 only four clusters, namely, Au25(SR)18,7,11

Au38(SR)24,23 Au102(SR)40,24 and most recently Au36(SR)24 (ref. 26)
have been crystallized so far. The possibility of modifying the
composition by alloying the core has been explored in several
cases. Recently, Au24Pd(SR)18 (ref. 27) and Au36Pd2(SR)24 (ref.
28) have been characterized. Along with monolayer protected
clusters, analogous systems with macromolecular protection,
especially in protein templates, have also beenmade.29–48 Bovine
serum albumin (BSA),29–36 lactoferrin (Lf),37,38 lysozyme (Lyz)39–44

and some other proteins like insulin45 are used for these kinds
of studies, among which BSA is the most thoroughly studied.
Cluster cores composed of Au25 and Au13 are most stable in
larger proteins like BSA29 and Lf37,38 whereas the fairly smaller
Au10 core is being stabilized by Lyz.43 Analogous clusters of Ag31

and recently Cu46 clusters have been investigated, although less
ematic Unit of Excellence, Department of

adras, Chennai 600036, India. E-mail:

-0545

tion (ESI) available. See DOI:

emistry 2013
commonly. Alloys of Au and Ag36 with distinct composition have
also been prepared in proteins like BSA. Utilization of these
clusters using their enhanced luminescence due to Föster
resonance energy transfer (FRET) and biocompatibility due to
the presence of proteins along with the specic molecular
affinity has made them promising for biolabelling applica-
tions30,45 and specic molecular sensing.40

While protected clusters have been many, the naked
analogues of them, i.e. clusters without protection have not
been seen in mass spectrometric investigations of gas phase
clusters. In other words, while Au25(SR)18 is known to be stable,
its gas phase analogue, naked Au25, has not been observed. This
is true for all the clusters belonging to this category. Creation of
clusters with unusual stability in gas phase experiments
requires the aggregation and stabilization energy to be removed
efficiently. It has been seen recently that this is indeed possible
by the use of protein templates in laser desorption and ioniza-
tion experiments.44 These investigations show the formation of
gas phase clusters of naked metal cores of magic numbers such
as Au18

+, Au25
+, Au38

+ and Au102
+, where cluster formation is

proposed to occur in the vicinity of protein, in the gas phase.
Such observations suggest the possibility of creating naked

alloy cores of specic composition in similar experiments. In
this paper, we report the formation of naked alloy cores of
specic nuclearity in the gas phase, derived from lysozyme and
metal ion-catalyzed enhancement of specic cluster cores.
Among a number of metals investigated (Ag, Pt, Pd, Cu, Fe, Ni
and Cr), only palladium (Pd) is shown to create alloy cores
similar to the ones seen in monolayer protected clusters. A new
Nanoscale, 2013, 5, 12245–12254 | 12245
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cluster core is also observed with Pd. The results reiterate the
possibility of creating stable unprotected alloy cluster nuclei
using macromolecular templates. The presence of Pd ions in
the system catalyzes the formation of Au38

+ when incubated
for 48 hours. Peak positions remain essentially the same in the
case of positive and negative ion modes. We have also studied
the effect of ionization method on the number of metal ion
attachments to protein and found that the observed affinity is
different when the ionization method is changed from ESI to
MALDI. Similar peaks are observable whether Au and Pd
adducts are mixed together to get the precursor or Pd2+ salt is
directly added to the Au–Lyz adduct. Specic metal ions can
enhance formation of Au25

+. Here we propose a plasma reac-
tion in the gas phase between ions and molecules in the
plasma. The deposition of such clusters on active substrates
can create novel catalysts for examining elementary catalytic
processes.
2. Experimental
2.1. Materials

Tetrachloroauric acid trihydrate (HAuCl4$3H2O) was prepared
in our laboratory starting from pure gold. Lysozyme, extracted
from chicken egg white (>90% purity), and sinapic acid used as
a MALDI MS matrix were purchased from Sigma Aldrich.
Palladium chloride (PdCl2) was purchased from Rankem. All the
chemicals were used without further purication. Deionized
water was used throughout the experiment.
2.2. Synthesis of metal adducts

When metal ions are added to the protein solution, they are
taken up by the amino acids of the protein and form adducts or
complexes. In the case of addition of Au3+ to protein, it results
in the formation of an Au+–protein adduct as seen in X-ray
photoelectron spectroscopy.38 Further reduction of this gold
bound protein complex under basic conditions produces solu-
tion phase luminescent quantum clusters.29 Here we have
restricted our study up to the complex formation step. Solution
phase cluster formation has been studied elsewhere.43 The
metal–protein adducts were prepared in two different ways:

(a) Au–Lyz and Pd–Lyz adducts were prepared by mixing Lyz
and the specic metal salts to get a nal concentration of 1.5
mM Lyz and 5 mM in terms of metal ions and incubating the
mixture for 2 hours. The resulting adducts were mixed together
in different concentration ratios (Au : Pd ¼ 1 : 3, 1 : 1 and 3 : 1)
and incubated for 4 hours and the resultant product was sub-
jected to MALDI MS analysis. These samples are labeled as Au–
Pd mixed adducts. The best result was obtained for the 3 : 1
Au : Pd mixed adduct.

(b) For the other case, rst, the Au–Lyz adduct was prepared
as above mentioned by mixing Au3+ and Lyz followed by incu-
bating the mixture. To this adduct, different volumes of PdCl2
were added directly to get Au–Lyz : PdCl2 ratios of 5 : 1, 5 : 2,
5 : 3, and 5 : 4. The resultant mixture was further incubated for
four hours and subjected to MALDI MS study. These samples
are labeled as Au–Pd co-adducts.
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2.3. Spectrometric analysis and instrumentation

MALDI MS analysis. Experiments were conducted in amatrix
assisted laser desorption ionization time-of-ight (MALDI TOF)
spectrometer. For this, an Applied Biosystems Voyager-De Pro
MALDI TOF instrument was used. The spectra were collected in
the m/z range of 2000–100 000 using a N2 laser at 337 nm. For
acquiring each spectrum, a minimum of 100 laser shots were
red and the data were averaged. Laser power was kept at a
slightly higher value than the threshold power for this system
(threshold laser power for these systems is about 1800 in terms
of the instrumental unit, we have kept the power at 2200). The
minimum delay time used was 10 ns and the maximum was
1500 ns for a delay time-dependent experiment. For all other
experiments, the delay time was kept at 1000 ns. The samples
probed were protein–metal conjugates or adducts of specic
composition. Laser induced desorption–ionization and associ-
ated chemistry produced naked clusters in the gas phase.
Instrumental resolution was Dm/z ¼ 2 Da in the range investi-
gated. All the compositions were compared with their isotope
patterns. Sinapic acid was used as a matrix for these experi-
ments. To 10 mg of sinapic acid, 1 mL of 0.1% triuoroacetic
acid (TFA) and an acetonitrile mixture (3 : 1) were added. For
spotting, 100 mL of matrix was mixed well with 5 mL of the
sample to be analyzed and spotted to get a dry droplet. The
same procedure was repeated at least for three different sets for
each sample (prepared separately) to check the reproducibility.
All the instrument parameters are listed below for linear posi-
tive mode and are applicable for the specic instrument used:

Instrument mode: linear, positive
Delay time: 1000 ns (minimum is 10 ns)
Laser intensity: 2200 (instrumental unit)
Mass range (Da): 2000–100 000
Low mass gate (Da): 500
Calibrated for the matrix: Sinapic acid
Voltages:
Accelerating: 2000 V
Grid: 87 (0.0–99.9% is the instrument range)
Grid wire: 0.03 (0.000–0.300% is the range)
ESI MS analysis. For the solution phase study, electrospray

ionization mass spectrometry (ESI MS) was carried out. For this
experiment, an Applied Biosystems 3200 QTRAP LC/MS/MS was
used. Spectra were collected in the m/z range of 500–1700 and
data were averaged for 100 scans. Declustering and entrance
potentials were optimized at 50 and 10 V, respectively. As
prepared Au, Pd and mixed adducts were used for this purpose.
All the spectra were collected in positive ion mode. 10 mL of TFA
was added to 1 mL of these solutions to enhance ionization.
Spectra were deconvoluted using Magtran soware to get singly
charged species from a series of multiply charged spectra (for
Lyz, the parent spectrum contains +9 to +12 charge states in the
m/z window investigated).

XPS analysis. XPS analysis was done using an Omicron ESCA
probe spectrometer and polychromatic Mg Ka (hn ¼ 1236.6 eV)
was used as the ionization source. Curves were smoothed and
tted using the CasaXPS soware. For this analysis, a 3 : 1 Au–
Pd mixed adduct of Lyz was used.
This journal is ª The Royal Society of Chemistry 2013
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SEM/EDAX analysis. Scanning Electron Microscopy (SEM)
and Energy Dispersive Analysis of X-ray (EDAX) images were
collected using an FEI QUANTA-200 SEM instrument.
3. Results and discussion
3.1. Gas phase gold–palladium alloy formation

For our study, we have used a small protein lysozyme (Lyz,
molecular weight 14.3 kDa) as the template for gas phase alloy
cluster formation. It contains 129 amino acid residues among
which eight are cysteines forming 4 disulphide bonds. The
overall size of the protein is around 4 nm and contains 49%
helical structure. The structure and position of the cysteines
and disulphide bonds are presented in Fig. S1.† This helical
structure is greatly affected by the breakage of disulphide bonds
and an overall 28% loss in helicity was observed in a previous
study upon cluster formation.43 Unlike other proteins, the Lyz
mass spectrum is dominated by its monomer as well as aggre-
gates. For example, Lyz+ appears at 14.3 kDa, whereas Lyz2

+,
Lyz3

+, and Lyz4
+ appear at 28.6, 42.9, and 57.2 kDa, respectively.

Once metal ions like Au3+ are added to the system, amino acids
reduce Au3+ to Au+ and metal–protein adducts form. Adducts
form when Pd2+ too is added to the system. These transition
metals have higher affinity towards sulphur; therefore it is
obvious that an M–S bond will be formed. By this process, the
disulphide bond has to break to accommodate multiple metal
ions inside the protein. For the Au3+ addition, we have seen a
maximum of 10 Au attachments to protein,44 which implies that
there are other binding sites also present in the system like
carboxyl or amine groups. When both Au and Pd adducts are
mixed together as described in 2.2, they form a mixed adduct.
These adducts are subjected to MALDI MS analysis and the
corresponding mass spectra were collected. Fig. 1 compares the
Fig. 1 MALDI MS study of Au and Au–Pd adducts of Lyz in the positive ion mode
in the range of 2000–100 000 Da. The 3000–10 000 Da region has been
expanded in the inset. Au–Pd adducts show distinctly different features compared
to Au-alone adducts, due to the formation of alloys. The assigned peaks match
well with the theoretical values.

This journal is ª The Royal Society of Chemistry 2013
positive ion MALDI MS spectra of the Au adduct of Lyz with
those of mixed Au and Pd adducts and parent Lyz. In the full
mass range, Lyz shows a series of peaks attributed to Lyz+, Lyz2

+,
Lyz3

+, etc. In the lower mass region (m/z 2000–11 000), the
spectrum is dominated by the +2 charge state, no other charge
state or fragments were observed. As before, the Au adduct
shows bare cluster cores with a specic number of atoms like
Au18

+, Au25
+, Au38

+ and Au102
+.44 These peaks appear with

additional features separated by one gold atom and they may be
represented as Au18�n

+, Au25�n
+, etc. (n ¼ 0, 1, 2,.). In all of the

clusters, the cores try to achieve electronic stability by accruing
electrons from ligands and this is shown in the form of sulfur
addition peaks for specic clusters like Au18S4

+.
In the mass spectrum of the Au–Pd adduct, besides the

peaks observed for Au, new peaks attributed to alloys are also
observed. These are particularly seen in the case of cluster ions
of Au18 and Au25. While the cluster region of Au38 does not
show any alloy formation, the peak intensity is greatly
enhanced in comparison to the Au adduct. The spectra in the
Au18 and Au25 region show markedly different distributions.
While Au18

+ and Au25
+ were the most intense features in the

parent adduct, the alloy ions exhibit a completely different
intensity pattern possibly due to their different stability. All
the assigned peaks match well with their calculated spectra as
represented in the inset of Fig. 1. In the Au18

+ region, a series
of peaks appear in an envelope starting from Au16Pd

+ and
continue up to Au19Pd

+. The very next peak appears with
another Pd attached to it. In this envelope, Au20Pd2S

+ is the
most intense peak. Aer Au22PdS

+, this envelope overlaps with
the Au25

+ region. Starting from Au23Pd
+, the envelope

continues with Pd attachment with a few sulfur additions.
Unlike in the solution phase, where Au24Pd(SR)18 is found to
be the most stable,27 Au27Pd

+ shows the highest intensity in
the gas phase, although neighboring peaks do not vary much
in terms of abundance. This implies nearly equal stability of
the alloy cores in that region in the gas phase.

Interestingly, the Au38 region does not show any Pd attach-
ment. Although it is possible to get Au36Pd2(SR)2428 by doping
Pd to Au38 in the solution phase, using a protein template, it is
not easy to get the same core in the gas phase as protein allows
Au38

+ to acquire structural and electronic stability as already
discussed above. One extra envelope appears aer the Au38
region which was not present in the case of the Au adduct. Here,
Au47PdS2

+ is having the maximum intensity. Other peaks with
Pd doping have also been observed, although the intensities do
not differ much. It should be noted that Au47

+ is not a magic
number core neither by the number of core atoms nor by the
electron count and it was not observed with the Au–Lyz adduct.
So the presence of Pd helps in the formation of metastable
cluster cores in the gas phase through the interaction with
protein. The same sample was analyzed in linear negative mode
too. Peak positions remain essentially the same in negative ion
mode although there is slight change in their intensity distri-
bution. No new peak appears in this case (Fig. S2†).

We have also conducted a laser intensity-dependent study to
check whether there is any role of laser intensity in the forma-
tion of these clusters. The threshold laser intensity is the
Nanoscale, 2013, 5, 12245–12254 | 12247



Fig. 2 MALDI MS study of the effect of metal ions on the gas phase alloy
formation. 3d, 4d and 5d metal ions, known to form alloys with gold, are chosen
for this study. All the concentration ratios of Au and M-adducts are the same.
Mixed adducts of gold and individual metal have been used for this study. Only Pd
shows distinct alloy formation, which has been highlighted.
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minimum intensity where we can see the appearance of the
specic peaks. It is oen a practice to keep the experimental
laser intensity slightly higher than the threshold intensity to
avoid laser induced damage and at the same time get good
quality data. In our case, threshold laser intensity was found to
be 1800 in terms of the instrumental unit (details of experi-
mental parameters are given in the Experimental section under
the MALDI MS analysis sub-section). At the minimum laser
intensity (i.e., threshold intensity) also we can see the same
peaks as described above for the 3 : 1 Au : Pd mixed adduct. We
have slowly increased the intensity to 2600 with an increment of
200 step size (Fig. S3†). Peak positions remain the same as well
as the intensity distribution for all the laser intensities studied.
The best spectrum was observed with a laser intensity of 2200
and the same was used for all the other studies.

Formation of specic cores can be explained in terms of the
enhanced stability of such cores in the gas phase. Au25 and Au38
systems are known to have magic number stability through a
closed shell electronic structure. Magic number conguration
(n*) requires a certain number of delocalized electrons like n*¼
2, 8, 18 (20), 34 (40), 58, 92, etc. For example, Au38 contains
38 delocalized electrons and hence is not a magic number. To
achieve magic number stability, it has to lose 4 electrons which
is possible by interacting with the protein. The key observation
from a theoretical calculation reported before44 predicts that
these clusters formed in the gas phase namely, Au25

+, Au38
+, etc.

do not have a magic number to begin with but require the
removal of n–n*¼ 5, 4 electrons, respectively to achieve it.44 This
is possible through the interaction with the cystines (dimeric
cysteine). We have calculated the interaction with only the
cystine part of the protein, as simulating the whole protein is
really difficult. When one cystine (S–S bond) breaks on the
cluster surface, two cysteines form and the cluster core loses two
electrons by this process. For the Au38

+ system, it requires
interaction with two cystines to lose 4 electrons and become a
34 electron system giving magic number stability. By this
process, a HOMO–LUMO gap of DHL ¼ 0.48 eV opens up
(whereas for the neutral Au38 cluster, DHL ¼ 0.0 eV) and the
cluster gets electronic stabilization. This is also reected in
their calculated structures.

From this part of the study, it can be concluded that Pd
forms an alloy with gold in the gas phase and it also facilitates
the emergence of metastable clusters in the gas phase. It is
noted that very small gas phase Au–Pd alloys have been repor-
ted.49,50 Incorporation of a single Pd to Au cluster core enhances
its catalytic activity tremendously.49
3.2. Unusual recognition of palladium by gold in the gas
phase

As discussed in the previous section, Pd is recognized by Au in
the gas phase. There are several metals known to form alloys
with gold in the bulk as well as in the nanosize regime, like Ag,
Cu, Pt, etc. In Fig. 2, we present the mass spectra with different
metal ions spanning the 3d, 4d and 5d elements which are
typically known to form alloys with gold. As we can see, only in
the case of Pd, distinct alloy formation is noticed and in this
12248 | Nanoscale, 2013, 5, 12245–12254
spectrum we mark a region with a black rectangle to show the
difference. Au–Lyz andM–Lyz (M¼ Ag, Pt, Pd, Cu, Ni, Cr and Fe)
adducts were mixed together in a 3 : 1 ratio and a MALDI MS
study was carried out. With the addition of the Pt–Lyz adduct,
nearly all the peak positions remain the same but the envelope
changes and the Au18S4

+ region becomes more intense than the
Au25

+ region. The Au19S4
+ peak splits into two, separated by

100 mass units (Fig. S4†). The peak at m/z 3839 can be assigned
as Au19S3

+ and the next peak at m/z 3935 can be attributed to
Au19S6

+, considering no alloy formation with Pt. Since atomic
weights of Pt and Au are very close, it is difficult to decide
whether any alloy formation has happened or not in this case.
Ag is well known to form both solution phase AgQC and AuAg
alloy clusters in proteins and also with monolayer protection.
But the gas phase reactivity does not match with the expected
solution phase interaction as Ag does not form an alloy with Au
under similar conditions. Several gas phase Au–Ag alloys have
been reported previously.51–53 Very small cores like AumAgn (m +
n ¼ 3, 5)51 as well as bigger cores like AumAgn (m + n ¼ 19–45)53

are also studied in the context of gas phase reactivity like
binding activity with O2 and CO for conversion to CO2. But in
the case of our gas phase cluster synthesis using protein
templates, without any reducing agent, no alloy formation was
observed. The Au25

+ intensity gets enhanced in the presence of
Ag to a greater extent than Au alone but the peak positions
remain the same (Fig. S5†). Therefore, we can catalytically
This journal is ª The Royal Society of Chemistry 2013



Paper Nanoscale
enhance the formation of Au25
+ in the gas phase from the protein

template by incorporating Ag in the system. Copper is also known
to form an alloy with gold and recently Negishi's group could dope
amaximum of ve copper atoms in the Au25(SR)18 system.54 In the
gas phase, however, a drastic change was found in the overall
spectrum upon Cu addition. As Cu has a high affinity towards
sulphur, it occupies Au binding sites in Lyz. This effect is reected
in themain protein peak also where only a few Au attachments are
observed. In the inset of Fig. S6,† a monomer of the Au–protein
adduct and the Au–Cu adduct of Lyz is compared. It is clear that in
the case of the Au–Cu adduct, the number of Au attachments is
less (amaximum of 10 Au attachments are seen for the Au adduct,
whereas only two Au attachments are seen for the Au–Cu adduct).
The same thing is also reected in the aggregatesmarked by green
dotted circles. Interesting changes occur in the lower mass region
where gas phase clusters form. The mass spectrum indicates that
exclusively Au25

+ species form in that range and the shape of the
envelope changes (Fig. S6 inset (b)†). So by adding Cu to the gas
phase Au precursor, we can selectively get Au25

+ prior to the
mixture of clusters. In the presence of 3d transitionmetals like Ni,
Cr and Fe, the intensity of the Au25

+ region enhances relative to
Au18

+ and Au38
+ regions, compared to the Au-alone case (Fig. S7–

S9†). Therefore, catalytic enhancement of Au25
+ is possible by

using these metal ions. This effect is maximum in the case of Fe
addition where the intensity of Au18S4

+ and Au38
+ regions remains

the same but the intensity of the Au25
+ region increases to a

greater extent compared to Ni and Cr. In all the cases, the Au18S4
+

intensity decreases. No alloy formation was observed in any of
these cases. This study concludes that Pd is the only metal
recognized (selected) by Au in gas phase alloy formation. If we
consider electrochemical potential for Au, Pd, Pt, Ag and Cu,
standard reduction potentials are as follows:

Cu2+ + e�/ Cu+, E 0 ¼ 0.159 V

Cu+ + e�/ Cu, E 0 ¼ 0.520 V

Ag+ + e�/ Ag, E 0 ¼ 0.7996 V

Pd2+ + 2e�/ Pd, E 0 ¼ 0.915 V

Pt2+ + 2e�/ Pt, E 0 ¼ 1.188 V

Au3+ + 2e�/ Au+, E 0 ¼ 1.36 V

Au+ + e�/ Au, E 0 ¼ 1.83 V

From these electrode potentials, it is clear that Au3+ can be
easily reduced to an intermediate Au+–protein complex. It is this
Au+–complex that forms the Au clusters in the gas phase which
are in the Au(0) state. Both Pd2+ and Pt2+ have reduction
potentials next to Au+ and it is likely that Pd2+ and Pt2+ can be
reduced to Pd0 and Pt0 in the gas phase. But as Pt and Au mass
numbers are almost the same, we cannot exactly tell if there is
any alloy formation or not with Pt. But Pd and Au mass differ-
ence is nearly 90 amu and it is rather easy to distinguish Pd
added alloy cluster peaks from the original Au cluster peaks.
This journal is ª The Royal Society of Chemistry 2013
3.3. Difference in metal ion binding

From the previous discussion, it is clear that only Pd is recog-
nized by gold in the gas phase. If we see carefully, the binding
tendency of these metal ions is completely different from each
other. To verify our argument, we have performed a detailed ESI
MS and MALDI MS study for each metal adduct of protein,
namely, Au, Ag, Pd, and Pt. The same protein to metal ratio (Lyz
1.5 mM and M ion 5 mM) was used to avoid concentration-
dependent issues. As we have shown before, with all the
concentration of Au3+ used, we can see only upto 3 Au attach-
ments to the protein. As there are only 8 cysteines in the protein
and Au binding is strongly dependent on the number of
cysteine residues and hence aer a certain Au3+ concentration
binding sites are saturated. When these adducts were examined
using MALDI MS, a maximum of 10 Au attachments were
observed and bare clusters were formed as already described.
This decrease in the number of Au attachments in the solution
phase mass spectrum (ESI MS) can be attributed to charge-
induced dissociation of the high charge states (+8 to +12 are
normally observable for Lyz and Lyz2 in positive mode ESI
MS).43,44 Binding of Ag ions to protein is completely different
from Au (Fig. S10†). For both monomer and dimer regions, a +8
charge state shows the maximum number of Ag attachments
(more than 12 Ag attachments are observed). Another inter-
esting observation is that for this specic charge state, two
consecutive Ag bound peaks have the same intensity. These 8 Ag
attachments can be justied considering 8 cysteines and similar
intensity patterns can be due to the breakage of 4 cystine bonds.
Once one cystine bond is broken, two Ag can be attached to two
different sulphur ends with equal probability and hence the
same intensity for two consecutive Ag bound peaks. So, Ag can
be attached to cysteines as well as –COOH or NH2 groups (as
more than 8 Ag are attached) but the binding affinity is
different. When the same sample is used for MALDI MS anal-
ysis, it shows no Ag attachment to it, which implies that Ag is
loosely bound to the protein and at the experimental conditions
used, it desorbs from the template and we cannot see any
attachment. We have not seen any gas phase bare Ag cluster
either, unlike in the case of Au (Fig. S11†). For the Pd–Lyz
adduct, we see multiple peaks separated by Pd in the ESI MS
analysis. A maximum of 8 Pd attachments can be seen clearly in
this case (Fig. S12†). As Pd has multiple isotopes, the peaks are
broader but due to poor resolution, clear isotope distribution is
not seen for that charge state. The same sample shows only a
single Pd attachment in MALDI MS analysis (Fig. S13†) but no
gas phase Pd clusters were observed. When Pt–Lyz adducts were
studied using ESI MS analysis, a maximum of 6 Pt attachments
were observed (Fig. S14†). Strangely, odd numbered Pt attached
peak intensities are very poor compared to the even numbered
Pt attached peaks which again proves indirectly the breakage of
S–S bonds in cystines. Unlike in other metal ions, Pt shows
nearly the same number of attachments in MALDI MS also
where we see a broad peak separated by 8 Pt from the parent
protein peak and the free protein peak is not observed in this
case. Dimer, trimer, etc. comprise a multiple of 8 Pt as observed
for Au. The peak position remains the same whether we use
Nanoscale, 2013, 5, 12245–12254 | 12249
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additional NaOH or NaBH4 (Fig. S15†). This conrms strong
binding affinity of Pt towards Lyz. From these studies, it is
conrmed that metal ion binding affinities are different for
each system and the observed spectrum depends strongly on
the ionization method used (ESI or MALDI).

3.4. Solution phase studies of Au–Pd mixed adducts

In order to check the possibility of formation of the above
mentioned alloy clusters in solution, electrospray ionization
spectra of Au, Pd and Au–Pd adducts of Lyz were analyzed. While
Au shows a limited number of attachments (up to 3) to Lyz, Pd has
multiple attachments to Lyz (up to 8). When these two adducts are
mixed together in different ratios like 1 : 3, 1 : 1 and 3 : 1 (with
respect to Au and Pd adducts of Lyz, respectively), mixed attach-
ment features appear in the positive ion mode of ESI MS (Fig. 3a).
Distinct separations for Au and Pd are observed. As two Pd
attachments and one Au attachment fall at nearly the same mass
range and also Pd has multiple isotopes, it is hard to differentiate
them. From this solution phase study, we conclude that both Au
and Pd can be attached simultaneously to Lyz. However, no naked
alloy clusters were seen in solution. This concludes that cluster
formation occurs in the gas phase. Lyz as well as metal adducts of
Lyz show multiple charge states like +12, +11, +10 and +9 in the
mass range studied. Each of these spectra can be deconvoluted to
get the molecular ion peaks arising from these charge states. The
deconvoluted spectrum of Au–Lyz shows two peaks due to one and
two Au attachments to it, whereas Pd–Lyz shows two peaks due to
three and four Pd attachments. When these two adducts aremixed
in a 3 : 1 ratio, the deconvoluted spectrum shows multiple peaks
including parent protein besides Pd as well as Au attachment
peaks and mixed Au : Pd peaks, as shown in Fig. 3b.
Fig. 3 (a) ESI MS of Au, Pd and Au–Pd mixed adducts of Lyz showing individual
peaks due to Au and Pd attachments. In themixture, Au and Pd attachment peaks
are seen. (b) Deconvoluted spectra of Au, Pd and mixed adducts of Lyz. The 3 : 1
Au : Pd adduct shows peaks due to simultaneous attachment of Au and Pd.

Fig. 4 MALDI MS of AuQCs@Lyz, AgQCs@Lyz and Au–AgQCs@Lyz in the linear
positive mode showing distinct separation from the parent protein peak due to the
specific number of Au and Ag. Themonomer region is expanded in the inset showing
tunable alloy formation by varying the Au and Ag precursor concentrations.
3.5. Alloy formation in the solution state

As reported in our previous study, a small Au cluster core (Au10–
12) can be stabilized inside a single Lyz molecule.43 Here red
luminescent Au clusters were prepared by reduction of Au3+ to
Au0 in the basic medium. The monomer as well as aggregates
show the same kind of cores inside a single protein. As per
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example, in the monomer region, the cluster peak is separated by
10–12 Au atoms depending on the Lyz : Au3+ ratio used from the
free protein peak and the core is assigned as Au10–12@Lyz. Whereas
(Au10–12@Lyz)n (n ¼ 2, 3, 4, .) are also observable in the whole
mass range studied. Addition of an external reducing agent to the
basic medium is required to reduce Ag+ to Ag0 for forming red
luminescent Ag clusters. For our study, we have used a 1 : 4 ratio of
Lyz : Ag+ and the cluster core obtained by this process is assigned as
Ag13@Lyz (see Fig. 4 inset). The Au–Lyz adduct and Ag–Lyz adducts
were mixed together in 1 : 3 and 3 : 1 ratios and reduced further
using NaBH4 to luminescent alloy clusters and the mass spectra
were studied for the same. From themass spectra it is clear that, by
varying the Au : Ag adduct ratio, we can control the core composi-
tion and this process is also tunable as described earlier from our
group for BSA protected Au–Ag alloy clusters.36 The same procedure
was followed for Pd alloy formation also. But only one Pd attach-
ment was observed in this process as shown in the mass spectrum
(Fig. S16†). So, from this study it is conrmed that, solution phase
alloy formation is completely different from gas phase alloy
formation.We have observed that, in the gas phase, the Au–Ag alloy
cannot be formed but the same can be formed by using the solution
state co-reductionmethod. Alloy formationwith Pd is also distinctly
different from the gas phase. This study conclusively proves the
specic recognition of Pd over other metals in the gas phase.
3.6. Concentration and time dependent studies

Cluster distribution and their intensities are affected by the
precursor composition as well as time of incubation. Data pre-
sented in Fig. 5 show that while the gross features are unaffected
with variation in composition, Au38

+ intensity is greatly enhanced
with the Pd content. Various ratios of Au and Pd adducts of Lyz
were used (1 : 1, 1 : 3 and 3 : 1 in terms of Au : Pd adducts), but in
the case of the 3 : 1 ratio, peaks are well resolved. Suppression of
This journal is ª The Royal Society of Chemistry 2013



Fig. 5 (a) Concentration dependent study of different Au : Pd adducts of Lyz.
The 3 : 1 Au : Pd adduct of Lyz shows good intensity and resolvable peak sepa-
ration. (b) Time dependent study of the 3 : 1 Au : Pd adduct of Lyz showing
catalytic enhancement of Au38

+ over incubation time.
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other clusters and enhancement of Au38
+ are also seen upon

increasing the time of incubation to 48 hours. A catalytic
enhancement of Au38

+ is inferred from the spectra.
3.7. Direct addition of PdCl2

To check whether the preformed M-protein adduct is necessary
for alloy formation, we designed our experiment in a slightly
different way. To verify the role of the Pd precursor in the alloy
Fig. 6 Effect of direct PdCl2 addition to Au–Lyz adducts probed by MALDI MS
with different Au–Lyz : PdCl2 ratios (as mentioned on the traces). With minimum
PdCl2 addition, alloy forms as observed in the Au18

+ region but the Au25
+ region

remains unchanged. In the case of the highest Au–Lyz : PdCl2 ratio, alloy forma-
tion is observed with a few sulfur attachments.
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formation process, PdCl2 was added directly to the Au–Lyz adduct
and the product was examined in MALDI MS. For this study,
PdCl2 was directly added to Au–Lyz in various ratios (Au–
Lyz : PdCl2 ¼ 5 : 1, 5 : 2, 5 : 3 and 5 : 4). Gas phase alloy forma-
tion was observable with minimum PdCl2 addition also in the
Au18

+ region (Fig. 6), where starting from Au16PdS
+ to Au19PdS

+,
peaks appear with equal Au spacing. Aer Au19PdS

+, the next peak
is separated by Pd and assigned as Au19Pd2S

+. In this case also, we
found Au20Pd2S

+ to be the most intense peak in the Au18
+ region

as seen in the case of the Au–Pdmixed adduct discussed in 3.1. In
the Au25

+ region, we have a single Pd attachment to the core as we
have seen for the previous case. A small hump appears just aer
the Au25

+ peak, separated bym/z 106 and attributed to Au25Pd
+. It

is clear that alloy cores remain the same in terms of their
nuclearity for both the cases. Therefore, it can be said that Lyz can
uptake Pd simultaneously in the presence of Au also. From the
protein template, both the metals come to the gas phase and the
alloy was formed. This study again proves gas phase association
of Au and Pd to form alloy clusters.

3.8. XPS and EDAX analyses

Once metal salts are added to the protein, amino acid residues
reduce metal ions and the protein itself gets oxidized. In the case
of Au3+ addition to protein, Au3+ gets reduced to Au1+ by the
amino acids under normal conditions as previously reported for
Au clusters synthesized in Lf. We have used the Au–Pd mixed
adduct for XPS analysis. In our case also we found that the Au 4f7/
2 binding energy appears at 85.0 eV (Fig. 7A) in the protein
conjugate conrming that most of the Au3+ is reduced to Au1+ by
the protein. But for Pd, the 3d5/2 binding energy is at 337.1 eV
(Fig. 7B) corresponding to Pd2+. Therefore, amino acids of
protein cannot reduce Pd2+ to Pd0 or any intermediate oxidation
state in this process. The presence of all possible elements is
proved by the survey spectrum as well as by SEM EDAX (Fig. 7).
From this study, we determined the atomic ratios of Au : S : Pd to
be 1 : 3.6 : 0.6 and the expected ratio is 1 : 2.4 : 1 on the basis of
components used. From the EDAXmapping, it is conrmed that,
Au and Pd are taken up together by the protein.

3.9. Mechanism of alloy formation and delay time
dependence

While the cluster is being formed, there is a need to remove the
heat of aggregation from the system. This is oen practiced
using the macromolecular template. Protein being a large
molecule has a high number of degrees of freedom and can act
as a heat reservoir to allow cluster growth in the gas phase. Lyz
is a very small protein having only 8 Cys residues. So it is
unlikely that Au38

+ or Au47PdS2
+ will form inside a single

molecule of Lyz. From XPS study, we have conrmed that, Au0

or Pd0 does not exist in the solution under normal reaction
conditions. Therefore, we propose involvement of plasma in
this reaction. Gaseous plasma is produced by heating the
sample with laser. This plasma contains ions, molecules,
aggregates, protein molecules, Lyz–Au adducts, Lyz–Pd adducts
as well as mixed adducts and electrons. Under gaseous plasma
conditions, conformation of the adducts will not be the same
Nanoscale, 2013, 5, 12245–12254 | 12251



Fig. 7 SEM-EDAX of the 3 : 1 Au : Pd adduct of Lyz, showing the presence of all possible elements. The inset (i) shows the EDAX mapping of the object shown in the
SEM image at the top. (A) and (B) are XPS spectra of Au–Lyz and Pd–Lyz adducts showing that Au3+ is reduced to Au1+ after adduct formation with protein, whereas
Pd2+ remains in the same oxidation state.

Nanoscale Paper
like in the solution phase. Constituents will interact with each
other to form larger aggregates. Bare cluster formation and
stabilization requires interaction with the protein molecules.
This can happen through several unimolecular reactions like:

Aun
+ + Aum / Aun+m

+, m ¼ 0, 1, 2, .; n ¼ 1, 2, 3, . (1)

[Lyz–Aum]
+ + Aun / [Lyz–Aum+n]

+,

m ¼ 0, 1, 2, .; n ¼ 1, 2, 3, . (2)

[Lyz–Aun]
+ + Lyz–Aum / [Lyz–Aun+k]

+ + [Lyz–Aum–k],

k(<m) ¼ 1, 2, .; n, m ¼ 1, 2, 3, . (3)

Eqn (3) involves intermolecular metal ion transfer. We know
that, when the small Au cluster core nucleates, it attracts other
Au atoms or ions towards itself through aurophilic interactions
and starts growing. For solution phase cluster growth also we
see intermolecular metal ion transfer, which is reected in the
regeneration of free protein upon longer incubation time.38,43

The same kind of reactions can be written for Pd also. Here we
note that, we did not see free Pd clusters in the gas phase in our
experimental conditions. Although, Pdn clusters are known to exist
in the gas phase and their reactivity is also studied.55 Au and Pd
ions and adducts are formed simultaneously inside the plasma
and can interact with each other to form alloys. Here we note that,
we did not see more than two Pd attachments in any case.
Fig. 8 MALDI MS spectra of delay time dependent bare cluster formation of
Au+@Lyz. There is no signature of any new cluster core formation with varying
delay times. The inset shows an expanded view of m/z 3000 to 9000. With
changing delay times no new peak appears.
Aun
+ + Pdm / AunPdm

+, m ¼ 0, 1, 2, .; n ¼ 1, 2, . (4)

Aun + Pdm
+ / AunPdm

+, m ¼ 0, 1, 2, .; n ¼ 1, 2, . (5)

[Lyz–Aum]
+ + Pdn / [Lyz–AumPdn]

+,

m ¼ 0, 1, 2, .; n ¼ 1, 2, . (6)
12252 | Nanoscale, 2013, 5, 12245–12254
[Lyz–Aun]
+ + Lyz–Pdm / [Lyz–AunPdk]

+ + [Lyz–Pdm–k],

k(<m) ¼ 1, 2,.; n, m ¼ 1, 2,.(7)

Besides these, there can be several reactions in which anions
and electrons can participate. Similar kinds of mechanisms can
be extended for negative ions also as the same clusters form in
the negative mode. In the case of laser irradiation, it is always
seen that the C–S bond breaks and MnSm aggregates form. In
This journal is ª The Royal Society of Chemistry 2013
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our study, we observed cluster cores with sulfur attachment
(Au20Pd2S

+, Au47PdS2
+, etc.) which again proves involvement of

proteins in cluster formation as there is no other source for
sulphur in the system.

This kind of plasma reactions can also happen with large
protein aggregates due to the delayed extraction of the ionized
species. The nite time lag between laser desorption/ioniza-
tion and extraction of ions is referred to as the delay time.
Normally, for smaller molecules, a shorter delay time is
enough to efficiently extract all the ions to the detector but for
larger molecules, like proteins, a longer delay time is generally
used. To check the delay time dependence on the gas phase
cluster formation, we have performed the experiment with the
Au–Lyz adduct. If we allow the plasma to react longer, we may
get larger cluster cores or a certain cluster core may form in
high abundance. However, we saw that there is actually not
much delay time dependence as both the cluster cores as well
as protein are small. With varying delay time, the peak posi-
tions remain essentially the same. In Fig. 8 delay time
dependent-MALDI MS spectra are plotted for the Au+@Lyz
adduct and from these spectra, it is evident that no new peaks
appear. In the inset, m/z 3000–9000 has been expanded. In this
region alone, the peak intensities change with delay time.
Thus we conclude that the delay time used for the reaction is
sufficient for inter- and intra-molecular reactions to occur
within the plasma.
4. Conclusions

The data presented show the existence of naked clusters of
specic composition. Incidentally at least one of the cluster
cores found, namely Au24Pd

+ is known to exist in the mono-
layer protected clusters. Besides these alloy clusters, the
presence of Pd in the condensed phase enhanced the forma-
tion of one component clusters such as Au38

+. The results
point to the catalytic stabilization of certain cluster nuclei. It
is seen that Pd is the most important metal recognized by the
naked Au clusters while other metals do not show alloy
formation under such conditions. Although formation of
selective clusters like Au25

+ is observed in the case of Cu2+

addition, the presence of silver enhances the formation of
Au25

+ while Pt2+ enhances Au18S4
+. Other metal ions used in

this study like Fe2+, Ni2+, and Cr3+ catalyze the formation of
the Au25�n

+ envelope. Fe2+ is catalyzed most efficiently among
the three ions. Clusters are formed from metal adducts in the
proteins in which gold is in the 1+ state while Pd in the 2+
state. Unusual recognition of Pd as evidenced by the enhanced
formation of Au38

+ and selective formation of Pd containing
alloys of the kind Au20Pd2S

+, Au27Pd
+, and Au47PdS2

+ suggests
the participation of palladium in the growth process.
Although Ag is not recognized by Au in the gas phase, it is
possible to create luminescent Au–Ag alloy clusters, with
tunable composition, in solution. We suggest that naked alloy
clusters of this kind derived from macromolecular templates
may be deposited on active substrates and used for model
catalysis. Microscopy and spectroscopy of such naked clusters
formed in the gas phase will be interesting.
This journal is ª The Royal Society of Chemistry 2013
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Fig. S1† Structure of the protein, lysozyme having a molecular weight of 14.3 kDa and 129 
amino acid residues among which eight are cysteines marked as circles. The typical distance and 
S-S bond lengths are shown. This figure is reproduced from PDB file 2LYZ (J.Mol.Bio. 1974, 
82, 371-391) using PyMOL software. 
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Fig. S2† Comparison between linear positive and negative mode MALDI MS of 3:1 Au:Pd 
adduct of Lyz, showing the same peaks in both the cases. 
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Fig. S3† Laser intensity dependent study of MALDI MS with increasing laser intensity in linear 

positive mode. There is no change in the peak position with enhanced laser intensity. The spectra 

were collected for the 3:1 Au:Pd mixed adduct system in linear positive mode and the laser 

intensity was varied from 1800 to 2600 (instrumental unit) with an increase of 200 in intensity at 

each step, plotted in blue, magenta, green, red and black, respectively. 
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Fig. S4† Comparison between the MALDI MS of 3:1 Au:Pt adduct  and Au only adduct of Lyz 
in linear positive ion mode. Au19S4

+ splits into two peaks separated by m/z 100. Other peak 
positions remain the same, although intensity of Au25

+ and Au38
+ regions decreases relative to 

Au18S4
+. 
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Fig. S5† Comparison between the MALDI MS of 3:1 Au:Ag adduct  and  Au only adduct of Lyz 
in linear positive ion mode. No alloy was formed, only Au25

+ region intensifies. 
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Fig. S6† Comparison between the MALDI MS of 3:1 Au:Cu adduct  and Au only adduct of Lyz 
in linear positive ion mode. Large change in the overall spectrum is observable. Inset a) shows 
less number of Au attachment to parent Lyz monomer in case of Cu addition compared to Au 
alone sample. Inset b) is shows that preferentially Au25

+ is formed when Cu is present in the 
system.  
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Fig. S7† Comparison between the MALDI MS of 3:1 Au:Ni adduct  and Au only adduct of Lyz 
in linear positive ion mode. No alloy was formed, only Au25

+ region intensifies. 
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Fig. S8† Comparison between the MALDI MS of 3:1 Au:Fe adduct  and Au only adduct of Lyz 
in linear positive ion mode. No alloy was formed, only Au25

+ region intensifies. 
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Fig. S9† Comparison between the MALDI MS of 3:1 Au:Cr adduct  and Au only adduct of Lyz 
in linear positive ion mode. No alloy was formed, only Au25

+ region intensifies. 

 

 

 

 

 

 

 

 

 

Electronic Supplementary Material (ESI) for Nanoscale
This journal is © The Royal Society of Chemistry 2013



Lyz8+

Lyz9+

Lyz2
n+

Lyzn+

Electronic Supplementary Information 10 

 

 

 

Fig. S10† Positive mode ESI MS of Ag-Lyz adduct showing multiple Ag additions to various 
charge states for both monomer and dimer of Lyz. In the inset, +8 and +9 charge states of Lyz 
are expanded. For Lyz8+ we can see that two consecutive Ag addition peaks have same intensity 
which is not seen for the +9 charge state. 
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Fig. S11† MALDI MS of Ag-Lyz adduct in the linear positive mode showing no Ag attachment 
to it which implies that loosely bound Ag atoms have been desorbed during laser ablation. 
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Fig. S12† Comparative ESI MS of Lyz and Pd-Lyz adduct in positive ion mode showing 
multiple Pd attachment to respective charge states. 10+ charge state has been expanded in the 
inset and Pd added peaks are marked. 
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Fig. S13† Comparative MALDI MS of Lyz and Pd-Lyz adduct in linear positive ion mode 
showing Pd attachment to the respective charge state.  
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Fig. S14† Comparative ESI MS of Lyz and Pt-Lyz adduct in the positive ion mode showing 
multiple Pt attachment to the respective charge state. 10+ charge state has been expanded in the 
inset and Pt added peaks are marked. Odd number Pt attachment peaks are weak. 
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Fig. S15† Comparative MALDI MS of Lyz and Pt-Lyz at various conditions in linear positive 
mode showing 8 Pt attachments to protein at all conditions. Monomer region is expanded in the 
inset. 
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Fig. S16† MALDI MS of AuQCs@Lyz and Au-PdQCs@Lyz in linear positive mode showing one 
(likely) Pd attachment to the existing Au11 core. The separation is clearly visible for the dimer 
region expanded in the inset i). Monomer region is expanded in inset ii).  
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Abstract. We report in-situ production and detection of intermediates at graphenic

19
surfaces, especially during alcohol oxidation. Alcohol oxidation to acid occurs on

20
graphene oxide-coated paper surface, driven by an electrical potential, in a paper

21
spray mass spectrometry experiment. As paper spray ionization is a fast process

22
and the time scale matches with the reaction time scale, we were able to detect

23
the intermediate, acetal. This is the first observation of acetal formed in surface

24
oxidation. The process is not limited to alcohols and the reaction has been

25
extended to aldehydes, amines, phosphenes, sugars, etc., where reaction

26
products were detected instantaneously. By combining surface reactions with

27
ambient ionization and mass spectrometry, we show that new insights into

28
chemical reactions become feasible. We suggest that several other chemical transformations may be

29
studied this way. This work opens up a new pathway for different industrially and energetically important

30
reactions using different metal catalysts and modified substrate.
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34 Introduction
35 Understanding intermediates in chemical reactions has
36 been one of the most fascinating areas of physical
37 chemistry [1-3]. From solution phase kinetics to femtosec-
38 ond methods in gas phase using molecular beams, reaction
39 monitoring in real time has evolved continuously [4-6]. As
40 the time scale of monitoring decreases, it becomes possible
41 to sample intermediates at various stages of a chemical
42 event, thereby creating potential energy hyper-surfaces. As
43 many of the complex reactions occur at ambient pressure,
44 sampling of the species involved for spectroscopic studies
45 poses new challenges. Mass spectrometry, one of the
46 important tools in investigating chemical species has
47 undergone a radical change with the realization of new
48 ambient ionization tools like desorption electrospray ioniza-
49 tion (DESI) [7-9], paper spray ionization [10-14], leaf spray
50 ionization [15-17], etc. At the same time, several processes
51 of chemical relevance occur at new materials such as

52graphene. Combining the power of mass spectrometry to
53precisely identify the species formed at active surfaces and
54ambient ionization tools to create such species under
55conditions of relevance to chemical reactions enable new
56capabilities. Such capabilities of reaction monitoring within
57desorption-ionization time scale from active surfaces offer
58new ways of looking at intermediates [18]. This may also be
59viewed as a methodology to understand catalysis or catalytic
60processes in real time. Thus, some of the central areas of
61physical chemistry may have direct relevance to the
62proposed study.
63Graphene and its chemical variants, such as reduced
64graphene oxide (RGO) and graphene oxide (GO), can
65participate in redox reactions as shown by the formation of
66composites [19-21]. Such nanoparticle-embedded graphenes
67are shown to be useful for contaminant sensing and water
68purification [22-24] as well as solar energy conversion [25].
69Chemistry on graphenic surfaces is of interest for physical
70chemists [26-29]. Making an active graphenic surface and
71combining it with DESI allow us to observe reaction
72products and intermediates formed on them in real time.
73Immediate sampling of the species formed allows rapid
74identification of reactions. Reaction kinetics and mechanism
75can also be studied in specific cases.
76Paper spray is a new method of ionization in mass
77spectrometry. In this method, a triangularly cut paper is used
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78 as a substrate on which the sample and the solvent are added
79 together or sample is spotted on the paper, prior to the
80 addition of the spraying solvent and a high potential of the
81 order of a few kV is applied to the paper to form ions,
82 ejected out in the solvent spray. Because paper is a porous
83 material, the solution is dragged through it by capillarity
84 and, because of the high electric field near the tip, the
85 analyte gets ejected. The time scale of paper spray is
86 sufficiently long for the interaction of the sample with the
87 substrate. If the substrate is such that it can react or interact
88 with the sample, the products formed may be studied
89 directly.
90 In this work, we report a phenomenon of direct oxidation of
91 alcohols and other functional groups on graphenic surfaces.
92 Observation of the products in real time allows the detection
93 and identification of intermediates of this oxidation. This is the
94 first report of online monitoring of such intermediates, like
95 acetal, in a simple oxidation reaction. The reaction, conse-
96 quently, leads to the reduction of the substrate, GO to RGO, as
97 seen by Raman spectroscopy [30, 31]. We show that such
98 reactions, however, do not occur on graphene in solution.
99 Development of this methodology of observing intermediates
100 at modified surfaces would enable the understanding of several
101 heterogeneous processes.

102 Experimental and methods
103 For the paper spray measurements, Whatman 42 filter paper
104 was cut into the shape of an isosceles triangle, 10 mm long
105 and 5 mm wide at the base. GO and RGO samples were
106 prepared as reported in our previous paper [32]. RGO-Ag
107 composites were synthesized as reported in our previous
108 work [23]. The triangularly cut papers were taken in a petri
109 dish and the GO suspension was drop-casted on them. The
110 petri dish containing the papers wetted with GO was kept at
111 room temperature for drying. Dried papers turned brown in
112 color as they were coated with GO. Raman measurements of
113 these papers showed the presence of GO on them. They
114 were used for all paper spray measurements. The experi-
115 mental procedure is illustrated in Scheme 1.

116The GO-coated paper was attached to a metal clip for
117applying high voltage. Both positive and negative potentials
118were used. RGO-coated and RGO-Ag composite coated
119papers were prepared similarly. A certain (5 μL) amount of
120solution was applied on the paper and high voltage was
121applied. The spray coming out of the tip of the paper was
122analyzed by a mass spectrometer. The whole process was
123carried out under atmospheric pressure and at room
124temperature, in air. Dilute solutions of sample (10 ppm)
125gave good results. With concentrated solutions (9100 ppm),
126peaks of parent ions were very intense, indicating that the
127fraction of oxidation process is less as the reaction is
128sur face - l imi ted . Benzyl a lcoho l (RFCL Ltd . ) ;
129triphenylphosphine (Spectrochem Pvt. Ltd.); diphenylamine,
130fructose, and sucrose (E. Merck (India) Ltd.) were used as
131samples for our paper spray experiments. HPLC grade
132methanol purchased from Sigma-Aldrich and Millipore
133water were used as solvents.
134For all paper spray experiments, an ion trap LTQ XL
135mass spectrometer of Thermo Scientific, San Jose, CA, USA
136was used. To do paper spray measurements, an attachment
137was added to the mass spectrometer (Scheme 1). The
138triangularly cut paper was set at a distance of approximately
1395 mm from the mass spectrometer inlet in all the cases. Mass
140spectra were acquired both in positive and negative ion
141modes depending upon the compounds, in the mass range of
142m/z 50 to 1000 under the following conditions: source
143voltage 2–5 kV, positive and negative, depending upon the
144analyte, capillary temperature 150 °C, capillary voltage
145±40 V, and tube lens voltage ±100 V, for positive and
146negative modes, respectively. All the paper spray ionization
147mass spectra presented correspond to an average of 50 scans.
148Different solvents like water, acetonitrile, methanol, and
149mixture of methanol:water in different ratios were used as
150solvents for these experiments. Among all the solvents,
151methanol water was the best. So, 10 ppm solution of each
152sample was made in 1:1 methanol:water solvent and used for
153our paper spray experiments. GO-coated paper was fixed on
154a coverslip and Raman measurement was done near to the
155tip area of the paper using a 532 nm laser excitation. A
156Witec confocal Raman microscope was used for collecting
157the spectra. The same paper was used continuously for paper
158spray, 60 cycles of measurements were done with 5 μL of
159solution each time, and a Raman spectrum was taken from
160the same area as before. ESI MS of benzyl alcohol treated
161with GO was taken to confirm that GO in the absence of
162potential does not do oxidation under the conditions
163investigated. This sample was electrosprayed at a flow rate
164of 5 μL/min and mass spectra were taken in negative ion
165mode in the mass range of m/z 50 to 250. Following
166parameters were used for all the ESI experiments: Source
167voltage –5 kV, sheath gas (nitrogen) flow rate 8 (manufac-
168turer’s unit) and all other parameters are same as paper
169spray. All ESI mass spectra presented correspond to an
170average of 100 scans. Tandem mass spectrometric experi-
171ments were carried out with collision induced dissociation.

OH

O

OH

O

HV

M
S

OH

OH

Scheme 1. Paper spray ionization using GO-coated paper.
The paper tip to the mass spectrometer distance is much
less than it appears. Typical reactants and products are also
shown
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172 Results and Discussion
173 Figure 1 shows the negative ion mode mass spectra of
174 benzyl alcohol, collected using Whatman 42 filter paper
175 (normal paper) and GO-coated paper. Figure 1a shows that
176 on normal paper, m/z 91 is the most dominant peak in the
177 spectrum, due to C7H7

–, which is the most stable fragment
178 from benzyl alcohol. However, in the case of GO-coated
179 paper (Figure 1b), two peaks at m/z 123 and m/z 121 were
180 observed as the most prominent peaks in the mass spectrum.
181 The peak at m/z 121 is due to benzoic acid which was
182 formed due to the oxidation of benzyl alcohol and that at m/z
183 123 is due to an intermediate formed during the oxidation
184 process (see below). Other graphenic surfaces like graphite-
185 coated paper (Supplementary Figure S1B) also show
186 oxidation of alcohol to acid but there, the spectrum was
187 not clear; the peaks at m/z 121 and 123 were seen along with
188 several other peaks, which may be due to different
189 hydrocarbons. But GO-coated paper produced a compara-
190 tively cleaner mass spectrum. More importantly, relative
191 intensities of the peaks at m/z 121 and 123 are much higher
192 than graphite-coated paper. RGO-coated paper did not show
193 any oxidation of benzyl alcohol (Supplementary
194 Figure S1A). As GO-coated paper showed the best result
195 among all other graphenic/graphitic surfaces, it was used as
196 the substrate in the subsequent experiments.
197 The observed oxidation is strictly a surface phenomenon
198 and the applied potential has an important role on it. To

199understand this, solution phase experiments were carried out.
200These experiments were done in two different ways; first, in
201a beaker, GO suspension and 1:1 methanol water solution of
202benzyl alcohol were taken and stirred for a long time.
203Supplementary Figure S1D shows the ESI-MS spectrum of
204the above product after 30 min of stirring. No peak at m/z
205121 or at 123 was seen, which proves that oxidation did not
206occur in the absence of potential. Supplementary Figure S1E
207shows the results of our second solution phase experiment.
208Here, 1:1 methanol:water solution of benzyl alcohol was
209taken on an indium tin oxide (ITO)-coated glass plate and
210the potential was applied for 5 min.
211The ESI mass spectrum of the mixture (Supplementary
212Figure S1E) shows that here also no noticeable peak at m/z
213121 or 123 was seen. These experiments suggested that
214neither graphene oxide nor high voltage alone was capable
215of doing the oxidation; both are needed together for this
216reaction to occur.
217We know that high current of the order of ~0.1–1 μA is
218involved in the paper spray process [33]. Due to the applied
219high potential of 2–5 kV, there is a large electric field near
220the tip of the paper. We propose that the electric field near
221the tip activates the GO surface and that is high enough to
222break some of the epoxide bonds in GO. Our solution-phase
223experiments (Supplementary Figure S1D and E) show that
224there is no reaction during electrospray. Although there is a
225large body of literature on reactions during electrospray, no
226oxidation is occurring in the present case in such experi-
227ments. This fact emphasizes the effect of electric field
228formed at graphene to be an important factor in the observed
229reaction.
230Tandem mass spectrometric studies of the peaks at m/z
231121 and 123 in negetive mode confirm that they are indeed
232the oxidation product and intermediate of the oxidation
233process, respectively. Figure 2a and b shows a negetive
234mode MS2 spectrum of m/z 121, taken from pure benzoic
235acid (using Whatman 42 filter paper as substrate) and
236product of benzyl alcohol oxidation on GO-coated paper,
237respectively. Both the spectra show m/z 91 as the main
238fragment. From these two spectra, we conclude that the peak
239at m/z 121 is indeed due to benzoic acid and is formed in situ
240on the GO surface during paper spray (see below for more
241experiments on this). Figure 2c is a MS2 spectrum of m/z
242123 that shows m/z 121 as a main fragment of it. Figure 2d is
243a MS3 spectrum of m/z 123 that shows a peak at m/z 91 as
244the main fragment of m/z 121, just as in other cases. This
245established that the compound corresponding to m/z 121 is
246derived from m/z 123; hence m/z 123 is indeed an
247intermediate of this oxidation process. From earlier reports
248of alcohol oxidation [34], we know that acetal is an
249intermediate of this process. Acetal is 2 mass units higher
250than the corresponding acid; hence it is likely that m/z 123 is
251the corresponding acetal intermediate for benzyl alcohol
252oxidation. Although direct confirmation of acetal intermedi-
253ate has not been possible, our results in conjunction with
254Reference [34] suggest the existence of this species.

(a)

(b)

Figure 1. Paper spray ionization mass spectrum (–ve mode)
of benzyl alcohol using (a) Whatman 42 filter paper; (b) GO-
coated Whatman 42 filter paper. Insets show schematics of
the experimental observations, and zoomed spectrum in (b)
is from m/z 115 to 130
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255 To further validate the identity of the product, we
256 collected the product of benzyl alcohol oxidation, measured
257 its Raman spectrum, and compared it with that of pure
258 benzoic acid. Supplementary Figure S2A shows the Raman
259 spectrum of the product that was collected on an ITO plate
260 by keeping it in front of the tip area of the paper at a distance
261 of 5 mm. As the ITO plate was grounded, charged species
262 that were sprayed from the tip of the paper were accumu-
263 lated on the ITO plate and became neutralized upon
264 deposition. The substrate was washed with cold water as
265 benzoic acid is insoluble in cold water. The product was
266 dissolved in MeOH and spotted on a glass cover slip for
267 taking the Raman spectrum, in order to avoid the ITO
268 features in the spectrum. Supplementary Figure S2B shows
269 the Raman spectrum of pure benzoic acid, which is similar
270 to the product spectrum. Thus, oxidation of benzyl alcohol
271 takes place on GO-coated paper.
272 Figure 3 show that the conversion of alcohol to acid
273 through the intermediate follows different kinetics at
274 different voltages. At lower voltages of 2–3 kV, relative
275 intensity of the peak at m/z 123 is higher than the peak at m/z
276 121 and at higher voltages of 4–5 kV, the situation is
277 reversed. From this data, we may suggest that at lower
278 voltages, formation of intermediate is at a higher rate and at
279 higher voltages, second step of the reaction (i.e., formation
280 of acid from intermediate is much faster than the first step.
281 Same reaction was performed multiple times using different
282 alcohols; all of them showed the same result. From these
283 data, we can conclude that a simple organic reaction like
284 oxidation of alcohol can be monitored using this methodol-

285ogy. Although several studies of intermediates have been
286reported [35-37], a simple species such as acetal has not yet
287been seen experimentally. In paper spray process, ion
288formation is very fast; ions come out from the tip of the
289paper as soon as sample solution (or sample followed by
290solvent) is applied. So, it is capable of forming intermediate
291ions along with reactants, and the products formed can be
292studied simultaneously.
293To know the fate of the GO surface, we did Raman
294measurements of the substrate before and after the oxidation
295reaction. Raman spectra were taken from the tip area of the
296triangularly cut paper. We added 5 μL of the sample solution
297for a single spray process and the same paper was used
298continuously for 60 spray cycles during 90 min of operation.
299Figure 4a and b show the total ion chromatogram (TIC) and
300the average mass spectrum of the above process. The
301behavior of TIC suggests that the surface activity increases
302with time and it saturates subsequently. We believe that after
303a few cycles of paper spray, the paper was saturated with the
304applied solvent and became more conductive. Therefore, the
305potential applied was able to activate GO surface to a greater
306extent and after some time, the conductivity became
307constant, which may be the reason for the above behavior.
308The average mass spectrum shows the two most abundant
309peaks at m/z 121 and 123, which establishes that the
310oxidation of alcohol is continuously occurring throughout
311the spray process.
312Figure 4c shows the Raman spectrum of the same paper
313before and after the reaction. The D and G bands of
314graphene are plotted in the spectrum and there is a shift of
315G band by 13 cm–1 towards the lower wave number region
316after the reaction. This shift indicates that GO on the surface
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Figure 2. Results of tandem mass spectrometric experi-
ments. (a) MS2 of m/z 121 from pure benzoic acid. (b) MS2 of
m/z 121, (c) MS2 of m/z 123, and (d) MS3 of m/z 123 from the
oxidation reaction of benzyl alcohol by GO-coated paper
spray ionization
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Figure 3. Paper spray mass spectra (–ve ion mode) of
benzyl alcohol at different applied voltages. The applied
potential varied from 5 to 2 kV from A to D
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317 of the paper is converted to RGO after the reaction [38, 39].
318 Thus, graphene oxide undergoes reduction when alcohol is
319 oxidized to acid. From literature [40], we know that intensity
320 of G band in the Raman spectrum of GO depends on the
321 number of layers in GO. In this case, an intense G band
322 indicates that there are multiple layers of GO on the paper;
323 this is also supported by the fact that a single GO-coated
324 paper can show oxidation for several minutes (990 min).
325 Raman measurement of the same GO-coated paper before
326 and after reaction was not possible because of laser-induced
327 damage of the paper. Owing to irradiation of laser (532 nm),
328 the spot of irradiation turns black and intensities of D and G
329 band reduce with subsequent irradiations. So, for our Raman
330 measurement, two identically sized papers were cut and
331 coated with equal volume (10 μL) of GO suspension. Then
332 one of them was used as reference (before reaction) and the
333 other as sample (after reaction).
334 To explore the role of potential in the oxidation process,
335 we did voltage-dependent paper spray of different alcohols
336 on GO-coated paper. Figure 4d shows the voltage depen-
337 dence of different alcohols towards oxidation. In this graph,
338 intensities of the product acid are plotted with respect to the
339 applied voltage. From the graph, it is clear that for each
340 alcohol, there is a threshold potential above which oxidation
341 process is facile and, after a certain applied potential, the
342 intensity becomes constant. This graph also supports our

343other observation that alcohols containing aromatic rings are
344prone to oxidization more easily than other aliphatic
345alcohols. Threshold potential of oxidation for 1-pentanol
346and 1-hexanol is much higher than other aromatic alcohols.
3471-Pyrene butanol has minimum threshold potential for
348oxidation as it is a larger π-electron system. As Raman
349measurements of the paper after reaction shows that GO
350changes to RGO after the reaction, we propose that the
351epoxy oxygen present in GO reacts with these molecules and
352oxidizes them. In this process, potential also has an
353important role perhaps potential activates the process [41].
354We propose that the reaction observed is electro-oxidation
355during paper spray and involves transient adsorption of the
356analyte at the surface. This process becomes facile on
357graphenic surfaces. We tried oxidation of other compounds
358like triphenylphosphine, dimethylamine, etc. but in these
359cases we did not get any peak for the intermediate. It may be
360noted that there is no report of intermediates for these
361oxidation reactions in the literature. To show that this
362oxidation reaction is not limited to benzyl alcohol, we
363performed oxidation of other alcohols as well. Figure 5
364shows the GO-coated paper spray mass spectrum of 1-
365hexanol, 2-phenyl ethanol, and 1-pyrene butanol. In all the
366cases, we found peaks for corresponding acids and the
367intermediates. Hence, for multistep reactions, intermediates
368are detected using this process. Figure 5 also shows the

(a)

(b)

(c)

(d)

Figure 4. (a) TIC during the continuous oxidation of benzyl alcohol. Total ion intensities in the range of m/z 50 to 200 were
monitored in each paper spray event. (b) Average mass spectrum of the reaction of benzyl alcohol oxidation for 60 cycles. (c)
Raman spectrum of GO-coated paper before and after the reaction. (d) Plot of spray voltage dependence of different alcohols
towards oxidation. 1-pentanol, 1-hexanol, 2-phenyl ethanol, 1-pyrene butane, and benzyl alcohol
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369 structure of each compound. From this data, it is clear that
370 intermediates of in-situ oxidation of alcohol to acid can be
371 detected on GO surfaces. If the mass spectrum for 1-hexanol
372 is compared with those of the other two alcohols, it can be
373 noticed that the relative intensity of the peak due to the acid
374 and the intermediate is weak in the former. This may be due
375 to the better interaction of aromatic alcohols with the GO
376 surface, by π-interactions.

377To show that this in-situ oxidation process on GO-coated
378paper spray is not limited to alcohols, we did oxidation of
379other functional groups. Figure 5 shows the mass spectra of
380in-situ oxidation of other functional groups. Figure 5d shows
381in-situ oxidation of benzaldehyde on a GO-coated paper.
382The –ve ion mode mass spectrum, using paper spray method
383shown in this figure contains the most intense peak at m/z
384121, which is due to benzoic acid, the oxidation product of

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5. Oxidation of (a) hexanol, (b) phenyl ethanol, (c) pyrene butanol, (d) benzyldehyde, (e) diphenyl amine, (f)
triphenylphosphine, (g) sucrose, and (h) fructose during paper spray ionization using GO-coated paper as the substrate. (+) and
(–) denote positive and negative ion mode mass detection, respectively

(a)

(b)

Figure 6. (a) Positive mode mass spectra for reduction of 4-nitrophenol on RGO-coated paper (black trace) and RGO-Ag
composite coated paper (red trace). (b) Positive mode mass spectrum of MeOH on RGO-Ag composite coated paper
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385 benzaldehyde. Figure 5e shows oxidation of diphenylamine.
386 The mass spectrum shown here is in + ve mode using 1:1
387 methanol water solution of diphenylamine (methanol was
388 used to increase the solubility in water). The most intense
389 peak at m/z 169 corresponds to the singly charged parent.
390 There are two other peaks at m/z 185 and 186, which are 16
391 and 17 Da higher than the molecular ion peak. We speculate
392 these peaks to be one O addition and one O + H addition to
393 diphenylamine.
394 Figure 5f shows oxidation of triphenylphosphine on GO-
395 coated surface. Mass spectrum, taken in + ve ion mode using
396 1:1 water methanol as solvent, shows an intense peak at m/z
397 263, attributable to [M + H]+ and another peak at m/z 279,
398 attributable to [M + O + H]+. Figure 5g and h show + ve
399 mode mass spectra of sucrose and fructose, respectively. In
400 these cases also, we observed peaks corresponding to the
401 oxidation products. Peak at m/z 381 for sucrose, [M + Na +
402 O]+ and peak at m/z 219 for fructose, [M + Na + O]+ can be
403 seen. Supplementary Figure S3 shows the tandem mass
404 spectrometric study on fructose, diphenyl amine, and
405 triphenylphosphine. From these MS2 data, identities of the
406 oxidized peak have been confirmed. From these spectra, it is
407 evident that all these compounds having different functional
408 groups undergo in-situ oxidation during paper spray ioniza-
409 tion using GO-coated paper.
410 To understand the chemical properties of graphenic
411 surfaces in more detail, another reaction, namely, reduction
412 of nitro functional group to amine, was studied. Figure 6a
413 shows positive mode paper spray mass spectra of 4-
414 nitrophenol on RGO-coated (black trace) and RGO-Ag
415 composite-coated (red trace) paper. Mass spectra shown in
416 Figure 6a clearly show that both the substrates give the
417 reduction product (i.e., 4-aminophenol (m/z 110)] but it is
418 clear that in case of RGO-Ag composite-coated paper, the
419 relative intensity of the product is higher than the other.
420 From these data, we may suggest that reduction is more
421 feasible for the composite.
422 From the structure of graphene, we know that there is a
423 readily available electron in the third dimension for each
424 carbon atom due to the conjugated π orbital, which makes
425 graphene highly conductive and chemically active.
426 Graphene surface can easily donate that electron to other
427 molecules in order to reduce them, especially when
428 electrically activated. This may be the reason for the
429 reduction of NO2 functional group to NH2 on the graphene
430 surface. In the case of RGO-Ag composite, some of these
431 free electrons of graphene were used for the reduction of
432 Ag+ to Ag0. As Ag+ is more stable electronically, it gets
433 oxidized as soon as it interacts with a potential substrate.
434 Although RGO itself is a strongly reducing substrate, Ag+/
435 Ag0 redox couple in the composite helps it in the reduction
436 process. Figure 6b shows positive mode mass spectrum of
437 MeOH on RGO-Ag composite coated paper, which shows
438 that certain peaks arise because of the background. Although
439 the present reaction did not yield an intermediate, reduction
440 reaction of this kind is observable directly.

441From the data presented, we can suggest that direct
442measurements of intermediates should be possible at
443graphenic surfaces. Ag0/Ag+ system influences chemical
444reactions. Therefore, using such modified surfaces and
445different catalysts such as metal clusters, it may be possible
446to trigger chemically and industrially important reactions
447and sample the products and intermediates.

448Conclusion
449The results discussed here show that chemical reactions
450occur at active graphene surfaces, and they can be monitored
451in real time. This monitoring may also lead to the detection
452of intermediates in favorable cases. Quantitative analysis of
453the concentration using embedded standards would enable
454the measurement of kinetic parameters of the reactions.
455Extension of such methodologies may be useful in develop-
456ing new forms of sensors. We propose that ambient
457ionization methods, in conjunction with active surfaces,
458may be considered as a new platform for chemical analysis
459in real time. Although the time scale of ionization and
460analysis pose restrictions on the time resolution, we believe
461that the method presented here would allow the understand-
462ing of typical organic reactions better. Using activated
463graphenic surfaces, for example with embedded and metal
464catalysts, industrially relevant processes may be attempted.
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Luminescent AgAu alloy quantum clusters are synthesized
by a simple method that utilizes the galvanic reduction of
polydisperse plasmonic silver nanoparticles. The clusters are
characterized by ultraviolet–visible (UV/Vis) absorption
spectroscopy, photoluminescence (PL) spectroscopy, X-ray
photoelectron spectroscopy (XPS), transmission electron mi-
croscopy (TEM), and matrix-assisted laser desorption ioniza-
tion mass spectrometry (MALDI MS). Selective and tunable
quenching of cluster luminescence by CuII ions is observed
and depends highly on the solvent as well as the protecting
ligands. Metal-ion selectivity is exclusively caused by metall-
ophilic interactions with the cluster core, and the tunability
depends on the nature of the protecting ligands as well as

Introduction

Inherent molecule-like properties and synergistic effects
owing to the presence of heteroatoms make dimetallic
quantum clusters fascinating materials in modern cluster
science. Doping with other metals has been shown to en-
hance the chemical stability[1] as well as tune the electronic
structure of quantum clusters.[2] The presence of a hetero-
atom in the core is expected to result in unusual chiroptical
and magnetic properties in dimetallic clusters. Despite their
promising applications, the synthesis of such dimetallic
quantum clusters with atomically precise composition is a
big challenge. Among these clusters, Au–Ag[3] and Au–Pd[4]

systems are common systems, and Au–Cu,[5] Au–Pt,[6] and
Ag–Ni[7] clusters have also been reported. The simultaneous
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solvent effects. Detailed XPS and time-resolved lumines-
cence measurements reveal that the tunability of lumines-
cence quenching is achieved by the systematic variation of
the metallophilic interactions between the AuI ions of the al-
loy cluster and CuI ions formed by the reduction of CuII ions
by the cluster core. This is the first report of tunable metallo-
philic interactions between monolayer-protected quantum
clusters and a closed-shell metal ion. We hope that these re-
sults will draw more attention to the field of quantum cluster–
metal ion interactions and provide useful insights into the
stability of these clusters, origin of their intense lumines-
cence, mechanisms of metal-ion sensing, and also help in the
development of methods for tuning their properties.

reduction of individual precursors[3–7] and galvanic re-
duction of presynthesized quantum clusters[10,11] are some
of the methods utilized for the synthesis of dimetallic quan-
tum clusters. Although galvanic reduction is extensively uti-
lized for the synthesis of dimetallic nanocrystals with con-
trolled shapes and compositions,[8] it is rarely utilized for
the synthesis of atomically precise quantum clusters. Mur-
ray et al. have shown that it is possible to make dimetallic
clusters from silver clusters[9] by this method, and galvanic
reduction has recently been utilized to synthesize atomically
precise Ag–Au clusters from presynthesized thiolate-pro-
tected[10] and protein-protected silver clusters.[11]

The interaction of metal ions with quantum clusters is
an active topic of research. Metal ions induce new chemical
and electrochemical reactivities in clusters and modify their
absorption and emission features. Muhammed et al.[12a] re-
ported the first metal-ion-induced changes in the optical
properties of quantum clusters, and their reactivities with
metal ions were investigated.[12b] Quantum confinement in
nanoparticles significantly alters their redox potentials[13]

and results in unexpected electrochemical reactions that
cannot be explained by conventional electrochemistry.[14]

Although there are some previous investigations on the
size-dependent changes in the reduction potential of metal
clusters,[15] the electrochemical reactivities of metal clusters
remain largely unexplored. Metal-ion-induced changes in
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cluster luminescence has been extensively exploited for
highly selective and sensitive detection of these species.[16]

The distinct roles of the inner core and ligand shells of these
clusters and photophysical mechanisms behind these inter-
actions have not been investigated in detail. Recently,
metallophilic interactions between closed-shell metal ions
with quantum dots[17] and protein-protected Au clusters[18]

were shown to result in quenching of their luminescence.
Metallophilic interactions, weak bonding interactions be-
tween two closed-shell metal ions, are a well-known phe-
nomenon in AuI complexes and heterometallic clusters of
transition metals.[19] However, this is not a well-recognized
phenomenon in monolayer-protected noble-metal quantum
clusters. Pyykko et al. presented the first theoretical studies
on the interactions between a closed-shell Aun cluster and
closed-shell AuI species.[20] This work raised the possibility
of metallophilic interactions between the inner Aun core
and AuI ions in the protecting thiolate staple motifs of the
clusters and is of immediate relevance to monolayer-pro-
tected quantum clusters. Explorations of such interactions
in these systems may provide valuable insights into their
stability, the origin of their intense luminescence, mecha-
nisms of metal-ion sensing, and may also offer strategic
methods for tuning their properties.

Here, we present the utility of the galvanic reduction re-
action as a simple method for the synthesis of luminescent
monodisperse AgAu quantum clusters protected by mer-
captosuccinic acid (AgAu@MSA) derived from polydis-
perse plasmonic Ag nanoparticles (AgNPs). These clusters
are synthesized at room temperature and no external reduc-
ing agent is required. The use of Ag nanoparticles as the
precursor, instead of atomically precise Ag quantum clus-
ters, makes the method more facile and scalable because of
the inherent instability and difficult synthesis of the latter.
The intense red luminescence of these clusters under UV
irradiation and their high stability in aqueous solutions may
make this material useful for biological applications. The
luminescence of this cluster is selectively quenched by CuII

ions. Detailed X-ray photoelectron spectroscopy (XPS)
measurements show that CuII ions are reduced by interac-
tions with the clusters. Even though Murray et al. and Wu
et al. have shown that negatively charged as well as neutral
Au25 clusters can reduce more reactive metal ions such as
AgI and CuII ions,[14] no such reports exist on the redox
reactivities of alloy clusters. Time-resolved as well as steady-
state luminescence measurements show that this reactivity
leads to metallophilic interactions between the AuI ions of
the clusters and CuI ions formed by the reduction of CuII

ions by the clusters. Also, we report the solvent- and pro-
tecting-ligand-dependent tunability of these interactions,
which are reflected in the changes in the luminescence of
the cluster. Reports on such tunable metal-ion interactions
with the clusters are scarce in the literature. This is the first
report of tunable metallophilic interactions between mono-
layer-protected quantum clusters and a closed-shell metal
ion. These metallophilic-interaction-induced changes in
cluster luminescence are useful for the selective detection of
CuII ions in water below permissible levels.[16h]

Eur. J. Inorg. Chem. 0000, 0–0 © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2

Results and Discussion

Synthesis and Characterization of Alloy Clusters

AgAu@MSA clusters were synthesized by galvanic re-
duction of AgNPs by AuI–MSA thiolates. Figure 1 shows
the time-dependent changes in the UV/Vis features during
the reaction. The plasmonic feature at 410 nm of AgNPs
disappeared immediately after the addition of AuI-MSA
solution, and a new feature appeared at around 600 nm,
which gradually disappeared and the spectrum became fea-
tureless. The solution was stirred for one hour and centri-
fuged subsequently to remove larger alloy nanoparticles
and AgCl. The UV/Vis spectrum of the resuspended pre-
cipitate (Figure S1) showed a broad peak at ca. 600 nm,
which is between the Au and Ag plasmonic peaks. This may
be due to the formation of larger AgAu alloy nanoparticles.
We propose that during the galvanic reduction, larger nano-
particles in the polydisperse AgNP sample react with AuI–
MSA to form larger AgAu dimetallic nanocrystals, and
very small particles undergo galvanic reduction to form
AgAu dimetallic quantum clusters (a schematic of the reac-
tion is given in the inset of Figure 1). The TEM images
shown in the inset of Figure 1 clearly show the decrease in
the particle size from AgNPs to AgAu@MSA clusters. As
the larger nanoparticles have lower solubility in methanol,
these dimetallic nanoparticles precipitate, and the smaller
dimetallic clusters remain in solution. The formation of
AgCl was confirmed by XRD analyses of the precipitate
(Figure S2).

Figure 1. Time-dependent changes in the UV/Vis features during
the reaction between AgNPs and AuI–MSA thiolates in methanol.
(a) UV/Vis spectra of AgNPs in methanol, (b) immediately after
the addition of AuI–MSA, and (c) after one hour of the reaction.

Insets a and a� in Figure 2 show the photographs of the
precursor AgNPs under visible and UV light, respectively.
Immediately after the addition of AuI–MSA, this solution
showed red emission under UV illumination. The time-de-
pendent evolution of the luminescence features is shown in
Figure S3, and typical luminescence features of the cluster
are shown in Figure 2. The cluster showed a broad emission
peak at 675 nm at 365 nm excitation. Insets b and b� of
Figure 2 show the photographs of the AgAu@MSA cluster
under visible and UV light, respectively.
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Figure 2. Excitation and emission spectra of AgAu@MSA clusters
in methanol. The insets are the photographs of (a and a�) the AgNP
solution, (b and b�) the AgAu@MSA solution, and (c and c�) the
PAGE-separated clusters under visible and UV light, respectively.
The discontinuity in the excitation peak shows the position at
which the secondary of the emission maximum appears.

Polyacrylamide gel electrophoresis (PAGE) was per-
formed to check the purity of the as-synthesized clusters
(details in the Supporting Information). The inset photo-
graphs (c and c�) of Figure 2 show the presence of a single
band of the gel after PAGE separation. The band appeared
light yellow under visible light and bright red under a UV
lamp. This shows that monodisperse dimetallic clusters can
be synthesized from polydisperse plasmonic silver nanopar-
ticles by using the galvanic reduction method.

The XPS survey spectrum shown in Figure 3 (a) indicates
the presence of all expected elements. The Au 4f7/2 peak at
84.1 eV shows that the Au atoms are in the zero oxidation
state. The Ag 3d5/2 peak at 368.0 eV[10] indicates the pres-
ence of metallic Ag in the cluster. The S 2p3/2 peak at
162.2 eV suggests that sulfur is attached to the metal core
in the form of thiolate.[22] Energy-dispersive X-ray analysis
(EDAX) also confirmed the presence of the constituent ele-
ments in the cluster (Figure S4).

Figure 3. (a) XPS survey spectrum of the AgAu@MSA cluster and
expanded regions of it showing the (b) Au 4f, (c) Ag 3d, and (d) S
2p features.

Eur. J. Inorg. Chem. 0000, 0–0 © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim3

Figure 4 shows the matrix-assisted laser desorption ion-
ization mass spectra (MALDI MS) of the clusters after li-
gand exchange with hexanethiol. Ligand exchange was at-
tempted because MSA-protected clusters do not give intact
ions in MALDI MS. This is also the case with glutathione-
protected clusters.[23] The inset of Figure 4 shows the lumi-
nescence spectral features of the cluster before (in water)
and after (in toluene) ligand exchange. The excitation maxi-
mum of the cluster shows a blueshift of ca. 20 nm after
ligand exchange, and the emission maximum is blueshifted
by ca. 5 nm. These shifts could be caused by the difference
in the polarities of water and toluene. The excitation and
emission spectral shapes are preserved after ligand ex-
change, which shows that the composition of the cluster
core is unchanged. At the threshold laser fluence, a peak at
17 kDa appears, and the peak shifts to the lower mass re-
gion owing to fragmentation of the cluster upon increasing
laser fluence.

Figure 4. Laser-intensity-dependent MALDI MS spectra of the
AgAu clusters, ligand-exchanged with hexanethiol. The numbers
by the side of the arrow indicate the laser intensity as given by the
instrument. The inset shows the excitation and emission spectra of
the cluster before and after ligand exchange.

Tunable Interactions of the Alloy Clusters with CuII Ions

Interactions of metal ions with the quantum clusters af-
fect their absorption and emission features. Metal-ion-in-
duced luminescence changes of quantum clusters were uti-
lized extensively for the selective detection of trace quanti-
ties of metal ions.[16,24] To study the interaction of metal
ions with the AgAu@MSA clusters, the luminescence spec-
tra of these clusters were measured in the presence of vari-
ous metal ions. Aqueous solutions of various metal ions
(100 μL, 100 ppm) were added to the cluster solution in
methanol. The luminescence of the AgAu@MSA clusters
was quenched immediately after the addition of a CuII solu-
tion. Figure 5 (a) shows that quenching is selective to CuII

ions, and there is no significant decrease in luminescence
intensity upon the addition of other metal ions. The ad-
dition of CuII ions resulted in gradual precipitation of the
clusters from the solution. These observations may invoke
the possibility of aggregation-induced luminescence
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Figure 5. Emission spectra of (a) AgAu@MSA clusters in methanol and (b) AgAu@BBS clusters in THF in the presence of various
metal ions.

quenching, resulting from the binding of CuII ions to the
carboxylate groups of the MSA ligands, which was sug-
gested as a metal-ion-induced quenching mechanism in
noble-metal clusters.[24] Aggregation-induced quenching oc-
curs by the reabsorption of the emitted radiation from the
fluorophore, and for this phenomenon to be feasible, the
Stokes shift of the fluorophore should be very small. The
large Stokes shift (ca. 310 nm) of the AgAu@MSA cluster
also suggests that this phenomenon is not likely. The UV/
Vis absorption spectrum of the cluster was featureless, and
no new features were observed after treatment with the CuII

salt (Figure S5). Moreover, aggregation induced by the CuII

ions should not affect the cluster core and, hence, the bind-
ing energies of the core atoms will not be shifted. XPS mea-
surements (Figure 8) show that the Au binding energy is
shifted to higher values. This evidence clearly indicates the
absence of aggregation-induced quenching.

To determine whether the observed metal-ion selectivity
is due to the specific interaction of CuII ions with the core
or the carboxylate groups of the ligand shell of the AgAu
cluster, quenching experiments were performed with clus-
ters that had been ligand-exchanged with tert-butylbenzyl
mercaptan (BBSH). As the sulfur atom of this ligand is
bound to the AgAu core of the cluster and there are no
other functional groups such as –COOH, the possibility of
ligand–CuII interactions is eliminated. Interestingly, the lu-
minescence of the ligand-exchanged cluster (AgAu@BBS)
was also quenched by CuII ions (Figure 5, b), that is, the
selectivity towards CuII ions was retained even after ligand
exchange. These observations clearly suggest that the origin
of metal-ion selectivity is the interaction of CuII ions with
the AgAu core of the cluster.

The addition of oxalic acid (OA) into the CuII-treated
AgAu@MSA solution in methanol (solution 1) resulted in
complete recovery of the luminescence (Figure 6, a). This
shows that the interaction of CuII ions with the clusters is
almost completely reversible in methanol. As oxalic acid is
a very strong chelator for CuII ions, it forms stable copper
oxalate, which results in the recovery of the luminescence.
The addition of CuII ions into a mixture of OA and the
clusters did not result in any quenching (Figure S6); this
shows that OA effectively prevents cluster–CuII interactions.
Interestingly, the luminescence of a AgAu@BBS–CuII mix-
ture in tetrahydrofuran (THF; solution 3) was not at all
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recovered by the addition of OA (Figure 6, c). To check the
role of change in solvent from methanol to THF on the
observed irreversibility, quenching experiments were per-
formed with AgAu@MSA clusters in THF. Interestingly,

Figure 6. Emission spectra of (a) AgAu@MSA clusters in methanol
and (b) THF and (c) AgAu@BBS clusters in THF showing the
changes in luminescence upon the addition of CuII ions and OA.
In each panel, traces a–c corresponds to the pure cluster, the cluster
with CuII ions, and the cluster with CuII ions and OA, respectively.
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we observed a partial recovery (Figure 6, b) of the lumines-
cence upon the addition of OA into a AgAu@MSA–CuII

mixture in THF (solution 2). This indicates that in addition
to the solvent, the nature of the protecting ligand is also
important in the determination of the reversibility of the
interaction (see below for possible effects of solvent and
protecting ligands). These observations show that the clus-
ter–CuII interactions that lead to luminescence quenching
are tunable with respect to the solvent and the nature of the
protecting ligand. However, we observed a redshift of the
emission maximum (ca. 5 nm for solution 1 and ca. 10 nm
for solutions 2 and 3) upon the addition of CuII ions, and
the shift was retained even after the addition of OA.

XPS measurements of the CuII-treated clusters (Figure 7)
show that the Cu 2p3/2 peak is shifted to lower binding ener-
gies compared to that of metallic Cu (935.5 eV). CuII shows
a well defined peak shape with characteristic satellite struc-
ture. The presence of Cu 2p features in all the treated sam-
ples indicates that Cu is part of the samples. Note that the
XPS sample preparation involves washing the sample. How-
ever, complete absence of the satellite structure in these
samples suggests reduction of the CuII ions. For solution 1,
the Cu 2p3/2 peak is at 932.5 eV, whereas for solutions 2
and 3, these peaks are shifted to 932.3 and 932.2 eV, respec-
tively. As the difference in the CuI and Cu0 binding energies
is only ca. 0.1–0.2 eV,[25] it is difficult to assign the exact Cu
oxidation states in the mixtures. However, the reduction of
CuII to CuI/Cu0 is evident from these measurements. The
characteristic ligand-to-metal charge-transfer satellite of
CuII at 946 eV is absent in the treated samples, indicating
the complete absence of the CuII state in the samples.

Figure 7. Cu 2p regions in the X-ray photoelectron spectra of pure
and CuII-treated AgAu clusters. Traces a–d correspond to CuSO4

and solutions 1, 2, and 3, respectively.

Figure 8 shows the Au 4f binding energies for the pure
and CuII-treated clusters. The Au 4f7/2 peak for the pure
AgAu@MSA cluster is at 84.1 eV. For solutions 1 and 2,
this peak is shifted to 84.6 eV. This peak shifts further to
85.0 eV for solution 3. The binding energies for Ag were
almost unchanged for the pure as well as CuII-treated clus-
ters (Figure S7). This clearly indicates that the CuII ions
interact preferentially with the Au atoms of the alloy clus-
ter. Elemental analysis (Figure S4) shows that the alloy clus-
ter is mostly composed of Au. Galvanic reduction by AuI
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thiolates is initiated on the surface of the AgNPs, and most
of the Ag atoms will be released as AgI ions and a few Ag
atoms will be entrapped by Au atoms. Hence, these Ag
atoms are more likely to be in the inner core of the cluster,
which make them inaccessible to the CuII ions. This could
be the reason for the preferential interaction of the CuII

ions with the Au atoms of the cluster.

Figure 8. Au 4f region in the X-ray photoelectron spectra of pure
and CuII-treated AgAu clusters. Traces a–e correspond to pure
AgAu@MSA and solutions 1–4, respectively.

Notably, the observed trend in reversibility of the lumi-
nescence parallels the changes in the Au 4f7/2 binding ener-
gies. The Au 4f7/2 peak for solutions 1 and 2 (for which
the luminescence was completely and partially reversible,
respectively) is at 84.6 eV, which is between those for the
pure clusters (84.1 eV) and AgAu@BBS (85.0 eV). The shift
in the Au 4f7/2 peak (from 84.1 to 85.0 eV) is maximum for
solution 3, for which irreversible quenching of luminescence
was observed.

We suggest that the clusters can undergo two kinds of
interactions with CuII ions. XPS measurements clearly indi-
cate that the CuII ions are reduced as a result of their inter-
actions with the cluster. The decrease in Cu binding energy
(to that of CuI/Cu0) and increase in that of Au in the clus-
ters may be an indication of a redox reaction between the
cluster core and CuII ions (reaction 1). The redshift of the
emission maximum of the clusters after treatment with CuII

ions could be an indication of the oxidation of the clusters.
The reduction of the CuII ions by a noble metal such as Au
may seem contradictory when considering the conventional
electrochemical potentials. It is to be noted that the stan-
dard electrochemical potentials in the literature are those of
bulk electrodes. In the case of nanoparticles, especially at
the quantum cluster regime, electrochemical potentials will
be very much determined by quantum confinement effects.
A few earlier investigations[15c,15d] on small metal clusters
have shown that their reduction potentials were lower than
the bulk values. Hence, at the cluster regime, these types
of redox processes are feasible. Another possibility for the
reduction of the CuII ions is the replacement of some of the
AuI ions of the thiolate staple motifs by CuII ions, which
may lead to the formation of a mixed thiolate shell contain-
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ing both AuI and CuI ions (reaction 2). This leads to the
reduction of CuII to CuI as in the case of copper thiol-
ates.[26] We could not confirm this interaction by an analysis
of the S 2p binding energies of the samples as there were
no significant changes in the S 2p binding energies of solu-
tions 1 and 2, compared to that of pure clusters. Notably,
the S 2p binding energies of copper and gold thiolates are
almost the same (ca. 162 eV).[22,26] However, for solution 3,
the S 2p3/2 binding energy was 162.7 eV (data not shown),
which is higher than that of the pure clusters (162.2 eV).
XPS of the OA-treated solution 1 (solution 4; sample for
which luminescence was completely recovered) indicates
that the Au 4f binding energies remain at higher values
(84.6 eV). This shows that the clusters undergo an irrevers-
ible oxidation as a result of their interactions with the CuII

ions (reaction 1). Reaction 2 is expected to result in com-
plete reversibility of the Au 4f binding energies to those of
the pure clusters after treatment with OA, as all of the CuI

ions are completely removed by OA. Once the CuI ions have
been removed by OA, the AuI ions can bind with the li-
gands (released from CuI), and this will regenerate the pure
clusters and should lead to the reversal of the Au 4f binding
energies to that of the pure clusters. However, this reversal
of binding energies was not observed. These observations
indicate that reaction 1, that is, the galvanic reduction, is
the most likely interaction between the clusters and CuII

ions.
To understand the mechanism of the observed fluores-

cence quenching of AgAu@MSA clusters in presence of
CuII ions, we plotted (Figure 9) the fractional fluorescence
according to the Stern–Volmer Equation (1).

F0

F
= 1 + KD[Q] (1)

F0 and F are the fluorescence intensity in the absence and
presence of quencher, respectively, [Q] is the concentration
of quencher and KD is the Stern–Volmer quenching con-
stant. From Figure 9, we have found a linear response of
fluorescence as a function of CuII ion concentration. This
result indicates that the nature of quenching is dynamic.

Figure 9. Stern–Volmer plot for the luminescence quenching of
AgAu@MSA clusters in methanol upon the addition of CuII ions.
The inset shows the change of τ0/τav with CuII ion concentration.
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Picosecond time-resolved luminescence measurement is a
useful technique to aid understanding of the photophysical
processes behind the observed quenching of the
AgAu@MSA clusters. A gradual and significant decrease
in the average lifetime (Figure S8 and Table S1) with in-
creasing quencher concentration indicates the occurrence of
dynamic quenching. The plot of τ0/τav against CuII concen-
tration (inset of Figure 9) was linear, as expected for a dy-
namic quenching process. The decay profiles for pure clus-
ters and solution 1 are shown in Figure 10. The decay tran-
sients are fitted tri-exponentially, and the fitting parameters
are tabulated in Table 1. Similar decay behaviors were also
observed for solutions 2 and 3 (Tables S2 and S3, Figure
S9 and S10, respectively). The decay profiles indicate the
dynamic nature of quenching for all cases.

Figure 10. Picosecond time-resolved fluorescence transients of
AgAu@MSA clusters in methanol. (a) The quenching of lumines-
cence lifetime upon the addition of CuII ions and its recovery upon
the addition of OA and (b) upon the addition of CuII ions and
benzoquinone.

Table 1. Picosecond time-resolved luminescence transients of
AgAu@MSA before and after the treatment with CuII and recovery
by OA in methanol. AgAu@MSA was also treated with BQ.

System τ1 [ns] (%) τ2 [ns] (%) τ3 [ns] (%) τav [ns]

Pure AgAu@MSA 0.16 (38) 1.12 (20) 50 (42) 21.3
cluster in methanol
Cluster with CuII 0.10 (65) 1.24 (22) 12 (13) 1.93
Cluster with OA 0.09 (52) 1.64 (20) 50 (28) 14.4
Cluster with BQ 0.07 (71) 1.58 (9) 55 (20) 11.2

Dynamic quenching can occur through various processes
such as Förster resonance energy transfer (FRET) and pho-
toinduced electron transfer (PET). However, the absence of
any permanent oscillating dipole (owing to the acceptor)
rules out the possibility of a FRET process. The absence of
an electron transfer processes is further confirmed by con-
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trol experiments with benzoquinone (BQ), a well-known
electron acceptor. In presence of BQ, an ultrafast time com-
ponent (70 ps) evolves with very sharp decay with a contri-
bution of 71% (Figure 10, b). No such drastic changes in
the ultrafast components are observed for the CuII-treated
samples, which rules out the possibility of an ultrafast PET
process from the cluster to the CuII ions. This is supported
by measurements at different CuII ion concentrations, for
which the gradual reduction of the longer time component
was observed with minor alteration of the shorter time con-
stant (Figure S8 and Table S1).

Similar lifetime decay patterns were reported for
Au25@BSA clusters upon the interaction with HgII ions.[18a]

This was attributed to metallophilic bond-induced quench-
ing of the delayed fluorescence. The observations of the re-
duction of the CuII ions along with the similarity in the
decay patterns of the AgAu clusters strongly suggest the
possibility of metallophilic interactions. We suggest the fol-
lowing mechanism for the observed selective and tunable
quenching interactions. The CuII ions are first reduced to
CuI by a redox reaction with the AgAu core of the cluster
(reaction 1). The 3d10 orbital of the CuI ions and the 5d10

orbital of either the AuI ions of the thiolate staple motifs
or the Au atoms of the partially oxidized cluster take part
in metallophilic interactions. As the staple motifs have a
significant role in the electronic structure of monolayer-pro-
tected clusters,[27] these interactions can lead to changes in
the electronic structure and to quenching. Metallophilic in-
teractions between AuI and CuI ions are recognized both
theoretically and experimentally in diverse systems and have
been utilized in applications such as vapochromic sen-
sors.[28] We suggest that galvanic reduction-induced metallo-
philic interactions are the key factor that determines the
selectivity towards metal ions. Among the metal ions tested,
only the CuII and HgII systems possess positive reduction
potentials and, hence, these ions can be reduced most easily
by the quantum clusters. The reduction potentials of the
other metal ions are negative and, hence, they cannot be
reduced by these clusters. In addition to the electrochemical
potentials, the requirement of a closed-shell electronic con-
figuration for metallophilic interactions immediately reveals
the reason behind the observed metal-ion selectivity.
Among CuII and HgII, only CuII can attain a closed-shell
configuration (of CuI) from core-induced reduction, and
this might be the reason behind the observed selectivity
towards CuII. Even though HgII can be reduced to HgI by
the cluster, this reduction will lead to the formation of an
ion without a closed-shell configuration. Notably, the ad-
dition of HgII ions to the clusters does not lead to any im-
mediate luminescence quenching. However, quenching ow-
ing to the addition of HgII ions was observable only after
about 5 h (data not shown). Earlier studies on the reaction
of quantum clusters with HgII ions show that the HgII ions
were reduced mostly to HgI and not to Hg0.[12b] This could
be due to the high affinity of mercury towards the thiolate
ligands of the cluster.

We suggest that solvents as well as protecting ligands
play a crucial role in the tunability of the luminescence
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quenching of these AgAu clusters. Solvents can induce
structural changes in the cluster core as well as the thiolate
staple motifs. Recent studies on Au–Cu clusters protected
by alkynyl ligands[29a] show that solvents can induce struc-
tural reorganization of clusters by affecting the strength of
metallophilic bonding, and this leads to changes in the lu-
minescence features. Studies on AuI thiolates have shown
that solvents can induce AuI–AuI metallophilic interactions
caused by aggregation and lead to visible photolumines-
cence.[29b] These solvent effects will modulate the strength
of AuI–CuI boding in these clusters and lead to tunable
quenching interactions. As mentioned earlier, changes in
the bonding of thiolate staple motifs alter the electronic
structure of clusters, which in turn affects the luminescence
features of the cluster.[27]

Metallophilic bonding can originate from different types
of interactions between the closed-shell species such as van
der Waals, ionic, and charge-transfer forces. Theoretical
studies on AuI–CuI metallophilic bonds[28a] show that this
bond is mainly due to ionic forces between the two species.
Hence, changes in the solvent polarity are expected to sig-
nificantly affect the nature of this bond. As the polarity of
the solvent decreases, the ionic-interaction-based metall-
ophilic bond becomes less feasible and the bond becomes
more covalent in nature and, hence, stronger. Therefore, the
AuI–CuI bond will be weaker (i.e., this bond will be only
metallophilic in nature) in a polar solvent such as methanol
than in THF. The efficient chelation of CuI species happens
in methanol and in turn results in complete recovery of the
luminescence. The complete recovery of luminescence was
further confirmed by experiments with the clusters in acet-
one as another polar solvent (Figure S11). We also observe
the recovery in the time-resolved measurements (see Fig-
ure 10, a). In THF, the metallophilic contributions to the
AuI–CuI bond will be less, and the covalent nature of the
bond increases. This makes the AuI–CuI bond stronger and,
hence, chelation with OA will be less facile. This could be
the reason for the partial recovery of luminescence for the
AgAu@MSA clusters in THF. Note that the dielectric con-
stants of methanol, acetone, and THF are 33, 21, and 7.5,
respectively. However, we could not demonstrate the
irreversible quenching for the MSA-protected sample in a
solvent less polar than THF because of the insolubility of
the clusters and CuII salts in such solvents. In the case of
the ligand-exchanged clusters, the AuI–CuI bond experi-
ences a much more nonpolar environment (owing to the
BBSH or hexanethiol ligand shell) compared to the case
with the AgAu@MSA clusters in THF. Therefore, the AuI–
CuI bond will be strongest for the ligand-exchanged cluster
in THF. In this case, the chelation of the CuI ions with
OA will be least facile. This could be the reason behind the
irreversible quenching of the ligand-exchanged cluster. The
selectivity towards CuII ions and irreversibility of the lumi-
nescence quenching are further confirmed with clusters that
are ligand-exchanged with hexanethiol.

To check the practical utility of these interactions for
CuII detection, the luminescence intensities of aqueous
solutions of AgAu@MSA with different CuII concentra-



Job/Unit: I31424 /KAP1 Date: 12-12-13 17:23:37 Pages: 10

www.eurjic.org FULL PAPER

tions (in parts per million) were measured (Figure 11). A
good linear response of the materials towards CuII ions was
observed. From this plot, the detection limit is 0.5 ppm,
which is well below the permissible limit of CuII ions in
water (1.3 ppm). As the reduction potentials of the clusters
depend on their composition, we expect that these interac-
tions can be utilized for ultra-low-level detection with clus-
ters of varied composition, which can be easily synthesized
by our method.

Figure 11. Variation of the luminescence intensity of the
AgAu@MSA clusters in water with concentration of CuII ions, im-
mediately after the addition.

Conclusions

Luminescent AgAu dimetallic quantum clusters were
synthesized by a simple method that utilizes the galvanic
reduction of polydisperse plasmonic nanoparticles. The
clusters were characterized by various spectroscopic and
microscopic tools. The luminescence of the clusters is selec-
tively quenched by CuII ions, and the quenching is highly
tunable depending on the solvent and the ligand used. De-
tailed XPS measurements indicate that the clusters undergo
a redox reaction with CuII ions. Steady-state as well as time-
resolved luminescence measurements prove that the tunabil-
ity is due to the galvanic reduction-induced tunable metallo-
philic interactions between the AuI ions of the cluster and
CuI ions formed by the reduction of CuII ions by the cluster.
This is the first report of tunable metallophilic interactions
between monolayer-protected quantum clusters and a
closed-shell metal ion. We hope that our results draw more
attention to the chemistry of quantum clusters with metal
ions in general and the metallophilic interactions of clusters
in particular.

Experimental Section
Materials: Chloroauric acid (HAuCl4·3H2O), mercaptosuccinic
acid (MSA), and 4-tert-butylbenzyl mercaptan (BBSH) were pur-
chased from Sigma–Aldrich. Silver nitrate and tetrahydrofuran
(THF) were purchased from RANKEM. Hexanethiol was pur-
chased from Fluka. Oxalic acid, CuSO4·5H2O, CdCl2, ZnSO4,
HgCl2, NiCl2, and Co(OAc)2 were purchased from Merck. All
chemicals were used without any further purification.
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AgAu@MSA Clusters: MSA-protected AgNPs were synthesized by
following a reported procedure.[21] A stock solution was prepared
by dissolving purified AgNPs (80 mg) in distilled water (10 mL).
AuI MSA thiolate was prepared in distilled water by dissolving
MSA powder (8.5 mg) in aqueous HAuCl4 solution (5 mL, 5 mm).
All reactions were performed at room temperature. For the synthe-
sis of the AgAu@MSA clusters, the stock AgNP solution (0.5 mL)
was diluted with methanol (to 10 mL). AuI–MSA solution (2 mL)
was added into the methanolic AgNP solution with stirring. The
reaction was monitored by time-dependent UV/Vis absorption and
photoluminescence measurements. Larger AgAu alloy nanopar-
ticles and AgCl were removed by ultracentrifugation, and
AgAu@MSA clusters were obtained as a clear solution in meth-
anol. This solution was concentrated by rotary evaporation and
then freeze-dried to afford a pasty material; excess thiolates pre-
vented the production of clean powders from the system. Ethyl
acetate was added to this pasty material to precipitate the pure
AgAu@MSA, which was then collected and dried in nitrogen to
afford dry powder samples.

Ligand Exchange of AgAu@MSA Clusters: The ligand (BBSH or
hexanethiol) was dissolved in methanol (70 μL in 2 mL). This solu-
tion was added to AgAu@MSA cluster solution (2 mL) in distilled
water, and the mixture was stirred at room temperature for 2 min.
Toluene (4 mL) was then added, and the mixture was stirred further
for 3 min at room temperature. The aqueous layer became colorless,
and the toluene layer became light yellow indicating the completion
of the ligand exchange. The toluene layer was separated to afford
a clear solution of ligand-exchanged AgAu cluster.

Instrumentation: UV/Vis absorption spectra were recorded with a
Perkin–Elmer Lambda 25 instrument in the spectral range 200–
1100 nm. Transmission electron microscopy (TEM) of the samples
was performed by using a JEOL 3010 instrument with an ultrahigh
resolution (UHR) polepiece. TEM specimens were prepared by
drop-casting one or two drops of the aqueous solution to carbon-
coated copper grids and allowed to dry at room temperature over-
night. All measurements were performed at 200 kV to minimize
the damage of the sample by the high-energy electron beam. X-ray
photoelectron spectroscopy (XPS) measurements were performed
with an Omicron ESCA Probe spectrometer with polychromatic
Mg-Kα X-rays (hν = 1253.6 eV). The X-ray power applied was
300 W. The pass energy was 50 eV for survey scans and 20 eV for
specific regions. Sample solutions were spotted on a molybdenum
sample plate and dried in vacuo. The base pressure of the instru-
ment was 5.0�10–10 mbar. The binding energy was calibrated with
respect to the adventitious C 1s feature at 285.0 eV. Deconvolution
of the spectra was performed by using the CASAXPS software.
Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI MS) studies were conducted with a Voyager-DE PRO
Biospectrometry Workstation from Applied Biosystems. A pulsed
nitrogen laser of 337 nm was used for the MALDI MS studies. The
samples were mixed with a trans-2-[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidene]malononitrile (DCTB) matrix in 1:1 ratio, spotted
on the target plate, and allowed to dry under ambient conditions.
Mass spectra were collected in the negative-ion mode and were
averaged for 200 shots. Scanning electron microscopy (SEM) and
energy-dispersive X-ray (EDAX) analysis were performed with an
FEI QUANTA-200 SEM. For measurements, samples were drop-
casted on an indium tin oxide coated conducting glass and dried
in ambient conditions. Picosecond-resolved fluorescence decay
transients were measured and fitted by using a commercially avail-
able spectrophotometer (Life Spec-ps, Edinburgh Instruments,
UK) with an 80 ps instrument response function (IRF).
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Supporting Information (see footnote on the first page of this arti-
cle): Procedure for the PAGE experiment, UV/Vis spectra of the
product and byproducts, XRD pattern of the AgCl formed as a
byproduct, time-dependent evolution of the photoluminescence of
the clusters during the reactions, EDAX spectrum and elemental
composition of the cluster, UV/Vis spectra of the cluster in meth-
anol with and without CuII ions, emission spectra of AgAu@MSA
in methanol containing oxalic acid and its stability of fluorescence
upon the addition of CuII ions, Ag 3d regions in the X-ray photo-
electron spectra of pure and CuII-treated AgAu@MSA clusters,
lifetime measurements of alloy clusters containing different CuII

concentrations, lifetime decay profiles and fitting parameters for
solutions 2 and 3, luminescence data showing the complete revers-
ibility of the quenching in acetone.

Acknowledgments

The authors thank the Department of Science and Technology
(DST), New Delhi, Government of India, for constantly supporting
our research programme on nanomaterials. S. K. P. thanks the DST
for financial grants (DST/TM/SERI/2k11/103 and SB/S1/PC-011/
2013). Mr. M. S. Bootharaju is thanked for the assistance in XPS
measurements. K. R. K. thanks the University Grants Commission
(UGC), New Delhi for a research fellowship. N. G. and S. C. thank
the Council of Scientific and Industrial Research (CSIR), New
Delhi for fellowships.

[1] Y. Negishi, K. Igarashi, K. Munakata, W. Ohgake, K. Nobus-
ada, Chem. Commun. 2012, 48, 660–662.

[2] Y. Negishi, T. Iwai, Chem. Commun. 2010, 46, 4713–4715.
[3] C. Kumara, A. Dass, Nanoscale 2011, 3, 3064–3067.
[4] a) Y. Negishi, W. Kurashige, Y. Niihori, T. Iwasa, K. Nobus-

ada, Phys. Chem. Chem. Phys. 2010, 12, 6219–6225; b) S. Xie,
H. Tsunoyama, W. Kurashige, Y. Negishi, T. Tsukuda, ACS
Catal. 2012, 2, 1519–1523.

[5] Y. Negishi, K. Munakata, W. Ohgake, K. Nobusada, J. Phys.
Chem. Lett. 2012, 3, 2209–2214.

[6] H. Qian, D. Jiang, G. Li, C. Gayathri, A. Das, R. R. Gil, R.
Jin, J. Am. Chem. Soc. 2012, 134, 16159–16162.

[7] S. R. Biltek, S. Mandal, A. Sen, A. C. Reber, A. F. Pedicini,
S. N. Khanna, J. Am. Chem. Soc. 2013, 135, 26–29.

[8] a) S. Xie, M. Jin, J. Tao, Y. Wang, Z. Xie, Y. Zhu, Y. Xia,
Chem. Eur. J. 2012, 18, 14974–14980; b) H. Zhang, M. Jin, J.
Wang, W. Li, P. H. C. Camargo, M. J. Kim, D. Yang, Z. Xie,
Y. Xia, J. Am. Chem. Soc. 2011, 133, 6078–6089; c) W. Zhang,
J. Yang, X. Lu, ACS Nano 2012, 6, 7397–7405.

[9] T. Huang, R. W. Murray, J. Phys. Chem. B 2003, 107, 7434–
7440.

[10] T. U. B. Rao, Y. Sun, N. Goswami, S. K. Pal, K. Balasubra-
manian, T. Pradeep, Angew. Chem. 2012, 124, 2197; Angew.
Chem. Int. Ed. 2012, 51, 2155–2159.

[11] J. S. Mohanty, P. L. Xavier, K. Chaudhari, M. S. Bootharaju,
N. Goswami, S. K. Pal, T. Pradeep, Nanoscale 2012, 4, 4255–
4262.

[12] a) M. A. H. Muhammed, T. Pradeep, Chem. Phys. Lett. 2007,
449, 186–190; b) M. S. Bootharaju, T. Pradeep, Langmuir 2011,
27, 8134–8143.

[13] P. Hoyer, H. Weller, Chem. Phys. Lett. 1994, 221, 379–384.

Eur. J. Inorg. Chem. 0000, 0–0 © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim9

[14] a) J.-P. Choi, C. A. Fields-Zinna, R. L. Stiles, R. Balasubra-
manian, A. D. Douglas, M. C. Crowe, R. W. Murray, J. Phys.
Chem. C 2010, 114, 15890–15896; b) Z. Wu, Angew. Chem.
2012, 124, 2988; Angew. Chem. Int. Ed. 2012, 51, 2934–2938.

[15] a) A. Henglein, J. Phys. Chem. 1993, 97, 5457–5471; b) J.
Belloni, Catal. Today 2006, 113, 141–156; c) K. Mallick, Z. L.
Wang, T. Pal, J. Photochem. Photobiol. A: Chem. 2001, 140,
75–80; d) H. Remita, S. Remita, in: Recent Trends in Radiation
Chemistry (Eds.: J. F. Wishart, B. S. M. Rao), World Scientific
Publishing Co. Pte. Ltd., Singapore, 2010, chapter 13.

[16] a) Y. Guo, Z. Wang, H. Shao, X. Jiang, Analyst 2012, 137,
301–304; b) M. A. H. Muhammed, P. K. Verma, S. K. Pal, A.
Retnakumari, M. Koyakutty, S. Nair, T. Pradeep, Chem. Eur.
J. 2010, 16, 10103–10112; c) I. Chakraborty, T. Udayabhaskar-
arao, T. Pradeep, J. Hazard. Mater. 2012, 211–212, 396–403; d)
G.-Y. Lan, C.-C. Huang, H. T. Chang, Chem. Commun. 2010,
46, 1257–1259; e) B. Adhikari, A. Banerjee, Chem. Mater. 2010,
22, 4364–4371; f) H. Liu, X. Zhang, X. Wu, L. Jiang, C. Burda,
J. J. Zhu, Chem. Commun. 2010, 47, 4237–4239; g) A. George,
E. S. Shibu, S. M. Maliyekkal, M. S. Bootharaju, T. Pradeep,
ACS Appl. Mater. Interfaces 2012, 4, 639–644; h) Y.-T. Su, G.-
Y. Lan, W.-Y. Chen, H.-T. Chang, Anal. Chem. 2010, 82, 8566–
8572; i) N. Goswami, A. Giri, M. S. Bootharaju, P. L. Xavier,
T. Pradeep, S. K. Pal, Anal. Chem. 2011, 83, 9676–9680; j) E. S.
Shibu, T. Pradeep, Chem. Mater. 2011, 23, 989–999.

[17] N. Goswami, A. Giri, S. Kar, M. S. Bootharaju, R. John, P. L.
Xavier, T. Pradeep, S. K. Pal, Small 2012, 8, 3175–3184.

[18] a) P. Yu, X. Wen, Y.-R. Toh, J. Huang, J. Tang, Part. Part. Syst.
Charact. 2013, 30, 467–472; b) J. Xie, Y. Zheng, J. Y. Ying,
Chem. Commun. 2010, 46, 961–963.

[19] a) H. Schmidbaur, S. Cronje, B. Djordjevic, O. Schuster, Chem.
Phys. 2005, 311, 151–161; b) P. Pyykko, Chem. Rev. 1988, 88,
563–594; c) S. Sculfort, P. Braunstein, Chem. Soc. Rev. 2011,
40, 2741–2760; d) H. Schmidbaur, A. Schier, Chem. Soc. Rev.
2008, 37, 1931–1951.

[20] P. Pyykko, X.-G. Xiong, J. Li, J. Chem. Soc., Faraday Discuss.
2011, 152, 169–178.

[21] T. Udayabhaskararao, T. Pradeep, Angew. Chem. 2010, 122,
4017; Angew. Chem. Int. Ed. 2010, 49, 3925–3929.

[22] M. S. Bootharaju, G. K. Deepesh, T. Udayabhaskararao, T.
Pradeep, J. Mater. Chem. A 2013, 1, 611.

[23] E. S. Shibu, B. Radha, P. K. Verma, P. Bhyrappa, G. U. Kulk-
arni, S. K. Pal, T. Pradeep, ACS Appl. Mater. Interfaces 2009,
1, 2199–2210.

[24] a) C.-C. Huang, Z. Yang, K. H. Lee, H. T. Chang, Angew.
Chem. 2007, 119, 6948; Angew. Chem. Int. Ed. 2007, 46, 6824–
6828; b) W. Chen, X. Tu, X. Guo, Chem. Commun. 2009, 1736–
1738.

[25] Z. Ai, L. Zhang, S. Lee, W. Ho, J. Phys. Chem. C 2009, 113,
20896–20902.

[26] N. Sandhyarani, T. Pradeep, J. Mater. Chem. 2001, 11, 1294–
1299.

[27] Z. Wu, R. Jin, Nano Lett. 2010, 10, 2568–2573.
[28] a) M. Rodriguez-Castillo, M. Monge, J. M. Lopez-de-Luzuri-

aga, M. E. Olmos, A. Laguna, F. Mendizabal, Comput. Theor.
Chem. 2011, 965, 163–167; b) S. Tsukamoto, S. Sakaki, Dalton
Trans. 2013, 42, 4809; c) E. Strasser, V. J. Catalano, J. Am.
Chem. Soc. 2010, 132, 10009–10011.

[29] a) I. O. Koshevoy, Y. C. Chang, A. J. Karttunen, M. Haukka,
T. Pakkanen, P.-T. Chou, J. Am. Chem. Soc. 2012, 134, 6564–
6567; b) Z. Luo, X. Yuan, Y. Yu, Q. Zhang, D. T. Leong, J. Y.
Lee, J. Am. Chem. Soc. 2012, 134, 16662–16670.

Received: November 7, 2013
Published Online: �



Job/Unit: I31424 /KAP1 Date: 12-12-13 17:23:37 Pages: 10

www.eurjic.org FULL PAPER

Quantum Clusters

K. R. Krishnadas, T. Udayabhaskararao,
S. Choudhury, N. Goswami, S. K. Pal,
T. Pradeep* ..................................... 1–10

Luminescent AgAu Alloy Clusters Derived
from Ag Nanoparticles – Manifestations of Luminescent AgAu alloy quantum clusters vent and protecting ligands. The tunability
Tunable AuI–CuI Metallophilic Interac- are synthesized by the galvanic reduction is achieved by variation of the metallophilic
tions of polydisperse plasmonic silver nanopart- interactions between the AuI ions of the

icles. Selective and tunable luminescence cluster and CuI ions formed by reduction
Keywords: Clusters / Nanoparticles / Lumi- quenching by CuII ions depends on the sol- by the cluster core.
nescence / Closed-shell ions / Metallophilic
interactions / Silver / Gold

Eur. J. Inorg. Chem. 0000, 0–0 © 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim10



Eur. J. Inorg. Chem. 2014 · © WILEY-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim, 2014 · ISSN 1099–0682 
 

SUPPORTING INFORMATION 
 

DOI: 10.1002/ejic.201301424 
Title: Luminescent AgAu Alloy Clusters Derived from Ag Nanoparticles – Manifestations of Tunable AuI–CuI Metallophilic 
Interactions 
Author(s): Kumaranchira R. Krishnadas, Thumu Udayabhaskararao, Susobhan Choudhury, Nirmal Goswami, Samir Kumar 
Pal, Thalappil Pradeep* 
 



Supporting Information 1 
 
Procedure for polyacrylamide gel electrophoresis (PAGE): 
A gel electrophoresis unit with 1 mm thick spacer (Bio-rad, Mini-protein Tetra cell) was used to process 
the PAGE. The total contents of the acrylamide monomers were 30% (bis(acrylamide:acrylamide) = 
7:93) and 3% (bis(acrylamide:acrylamide) = 6:94) for the separation and condensation gels, respectively. 
The eluting buffer consisted of 192 mM glycine and 25 mM tris(hydroxymethylamine). The cluster was 
dissolved in 5% (v/v) glycerol-water solution (1.0 mL). The sample solution (1.0 mL) was loaded onto a 
1 mm gel and eluted for 4 h at a constant voltage of 100 V to achieve separation.   
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UV-vis spectra of the AgAu@MSA cluster and AgAuNPs formed during galvanic displacement 
reaction 
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Figure S1. UV-vis spectra of the product (AgAu@MSA) and the byproduct (AgAuNPs) after the 
reaction between AgNPs and AuI-MSA thiolate. 
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XRD pattern of AgCl formed during galvanic displacement reaction  
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Figure S2. XRD pattern of the precipitate obtained after the reaction between AgNPs and the AuI-MSA 
thiolate, in methanol. The peaks are due to the AgCl crystals formed during the galvanic displacement 
reaction. The peak at around 37 may be due to the AgAuNPs formed. 
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Time-dependent evolution of luminescence during galvanic displacement reaction 
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Figure S3. Time-dependent evolution in the photoluminescence showing the formation of AgAu@MSA 
clusters during the galvanic exchange reaction. 
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EDAX spectrum and elemental composition of the AgAu@MSA cluster 



 

Figure S4. EDAX spectrum and elemental composition of the AgAu@MSA cluster. 
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UV-vis spectra of the clusters in methanol with and without CuII 

                                            

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S5. UV-vis absorption spectra of AgAu@MSA clusters in methanol with and without CuII. 
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Photoluminescence data showing the ability of OA to prevent metal ion quenching 

                                                 

 
 
 
 
 
 
 
     
 
 
 
 
 
 
 
 
Figure S6. Emission spectra of the AgAu@MSA cluster solution in methanol containing oxalic acid and 
its stability of fluorescence upon the addition of CuII. 
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Ag 3d regions in the XPS spectra of pure and CuII-treated clusters 
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Figure S7. Ag 3d regions in the X-ray photoelectron spectra of pure and CuII-treated AgAu@MSA 
clusters. 
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Lifetime measurements of alloy clusters containing different concentrations of CuII 
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Figure 
S8. Picosecond time-resolved fluorescence transients of AgAu@MSA clusters containing different 
concentration of CuII in methanol. 
 
Table S1. Picosecond time-resolved luminescence transients of AgAu@MSA clusters containing 
different concentration of CuII in methanol . The luminescence of these clusters (λmax = 675 nm) is 
measured using a 375 nm excitation laser. 
Concentration of CuII 

added to 

AgAu@MSA cluster 

in methanol 

τ1 ns (%) τ2 ns (%) τ3 ns (%) τav (ns) 

0 0.16 (38) 1.12 (20) 50.00(42) 21.28 

37.5 µM 0.14 (42) 1.77 (21) 46.77 (37) 17.88 

75 µM 0.12 (46) 1.75 (26) 30.45(28) 8.95 

112.5µM 0.11(54) 1.60(26) 24.08(20) 5.36 

250 µM 0.10 (65) 1.24 (22) 12.00 (13) 1.93 
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Lifetime decay profiles and fitting parameters of solutions 2 and 3 
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Figure S9. Picosecond time-resolved fluorescence transients of AgAu@MSA clusters in THF showing 
the quenching of the luminescence lifetime upon the addition of CuII and its partial recovery upon the 
addition of OA. 
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Figure S10. Picosecond time-resolved fluorescence transients of AgAu@BBS clusters in THF showing 
the quenching of the luminescence lifetime upon the addition of CuII and its irreversibility upon the 
addition of OA. 
 

Table S2. Picosecond time-resolved luminescence transients of pure and CuII-treated AgAu@MSA 
cluster in THF. The luminescence of these clusters (λmax = 680 nm) is measured using a 375 nm 
excitation laser. 

Cluster system τ1 ns (%) τ2 ns (%) τ3ns (%) τav (ns) 

Pure AgAu@MSA 

cluster in THF 

0.24(23) 1.24 (35) 48.37 (42) 20.74 

Cluster  with CuII 0.18 (27) 1.44 (70) 15.56 (3) 1.39 

Cluster with OA 0.21 (25) 1.45 (68) 32.28(7) 3.38 

 

Table S3. Picosecond time-resolved luminescence transients of pure and CuII-treated AgAu@BBS 
cluster in THF. The luminescence of these clusters (λmax = 670 nm) is measured using a 409 nm 
excitation laser. 

Cluster system τ1ns (%) τ2 ns (%) τ3ns (%) τav (ns) 

AgAu@BBSH cluster 

in THF 

0.15 (43) 2.5 (19) 41.12 (38) 21.28 



Cluster  with CuII 0.082 (71) 1.81 (17) 18.51 (12) 2.60 

Cluster with OA 0.106 (69) 1.84 (19) 15.09 (12) 2.17 
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Luminescence data showing the complete reversibility of the quenching in acetone as solvent 
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Figure S11. Luminescence data showing the quenching of the luminescence of AgAu@MSA clusters in 
acetone upon the addition of CuII and its complete recovery upon the addition of OA. 
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Luminescent iron clusters in solution†

Nirmal Goswami,‡a Ananya Baksi,‡b Anupam Giri,a Paulrajpillai Lourdu Xavier,b

Gautam Basu,c Thalappil Pradeep*b and Samir Kumar Pal*a

Metal clusters, composed of a few atoms at the core, exhibit unique properties and have potential

applications. Although atomically precise clusters of noble metals have been synthesized, analogous

systems of reactive metals, such as iron, have not been realized in solution due to high reactivity. Here

we report the synthesis and characterization of novel iron clusters in the hemoglobin matrix that are

highly luminescent (quantum yield 10% at 565 nm). The super-paramagnetic iron clusters, after

successful ligand exchange from protein and phase transfer from water to chloroform using tri-

octylphosphineoxide (TOPO), were detected as [Fe10(TOPO)3(H2O)3]
+, [Fe13(TOPO)2(H2O)]+ and

[Fe8(TOPO)(H2O)2]
+ by mass spectrometry. This study lays the groundwork for exploiting unique

properties of soluble iron clusters.
Introduction

Atomically precise metal particles, comprising of only a few
atoms with dimensions comparable to the Fermi wavelength of
electrons, are called quantum clusters (QCs). The resulting
quantum connement produces unique optical, electronic and
chemical properties of QCs that are dramatically different from
those of nanoparticles (NPs) which exhibit plasmon absorption.
Unusual properties of QCs make them attractive as novel
systems of choice for exploring a wide range of phenomena like
catalysis, metal ion sensing, and bio-imaging.1–4 Several
monolayer-protected noble metal QCs have been reported to
date and a few crystal structures are also known.5–8 Current
research in this area is mostly limited to noble metals, espe-
cially Au and Ag, due to their inertness, stability and ease of
synthesis. Particularly, QCs of Au (AuQCs) have been well studied
because of their unusual stability under ambient conditions
and wide spectral tunability, yielding diverse optoelectronic
properties.9–15 Efforts to synthesize atomically precise AgQCs
have been limited due to their higher reactivity.16,17 Some AgQCs
have also been crystallized.18 More recently, a growing number
of studies have reported CuQCs and PtQCs.19,20 In addition to the
nature of the metal, the nature of the ligand can also affect the
omolecular Sciences, Unit for Nanoscience

r Basic Sciences, Block JD, Sector III, Salt

bose.res.in

d Thematic Unit of Excellence (TUE),

of Technology Madras, Chennai 600036,
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stability and properties of QCs. Macromolecular templates,
where proteins act as ligands, are rather recent entries in the
eld.21–23 Several proteins have been used as ligands for such
cluster synthesis due to their biocompatibility and high pho-
toluminescence quantum yield of the QCs. The general
synthetic route is to rst form a metal–protein adduct followed
by reduction at elevated pH where the protein acts as the
reducing agent or by reduction using an external reducing agent
and conning the newly formed cluster core by the protein
scaffold simultaneously. These highly luminescent protein-
protected clusters are being used as sensors for environmentally
hazardous metal ions and other sensitive molecules such as
explosives. A number of groups have used protein-protected
luminescent QCs in biolabeling.24,25 It is anticipated that noble
metal QCs would be less toxic and more suitable as carriers of
biological cargo.26 However, therapeutic studies have shown
that they may not be completely free of side effects.27 For this
eld to evolve, it is imperative that novel QCs be explored with
characteristics of noble metal QCs but with better biocompati-
bility and newer properties. Apart from being better biocom-
patible and cheaper, unique catalytic and magnetic properties
of Fe make FeQCs important candidates among the yet to be
explored QCs. Since the rst example of metallic Fe NPs
(�100 nm),28 several attempts have been made to characterize
them.29–31 Although recipes to synthesize metallic Fe NPs in the
3–100 nm window exist, new approaches are required for
synthesizing FeQCs. Nanometer sized Fe0 inherently suffers from
instability because of easy surface oxidation upon exposure to
air and in the presence of water, making the synthesis of
Fe-clusters difficult. Nevertheless, it is important to note that
Fe-clusters are known in the gas phase.32–35 Obviously, suitable
chemical procedures and appropriate protection would enable
their synthesis in the solution state.
Nanoscale
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Here we describe the rst efficient synthesis of highly
luminescent and water-soluble FeQCs, starting from hemoglobin
(Hb), a Fe-containing metalloprotein which acts as the iron
source as well as the protecting agent. We have employed an
efficient ligand exchange strategy with a smaller ligand, trioctyl
phosphine oxide (TOPO), and subsequent phase transfer of the
cluster from water to chloroform for detailed structural char-
acterization. A number of complementary experimental tech-
niques, including mass spectroscopy, NMR, FT-IR and optical
spectroscopy, were used to obtain the precise molecular signa-
ture of the clusters in the solution phase. We believe this work
will enrich the area further and open a new window to the
theoretical as well as the experimental community to under-
stand and evolve this system towards real applications.

Results and discussion

Hemoglobin is a major component of blood that transports
oxygen from the respiratory organs (lungs or gills) to the rest of
the body. It contains Fe ions, present either as Fe2+ or Fe3+,
coordinated by four nitrogen atoms of porphyrin present in the
protein. In this study, we used Hb as a source of Fe ions as well
as the protecting agent to make luminescent FeQCs. The
synthetic approach relies on the extraction of the porphyrin-
bound Fe2+/Fe3+ in the Hb-matrix using piperidine followed by
the reduction of Fe2+/Fe3+ with NaBH4 at room temperature (see
details in the S1†). Aer �12 h of incubation with NaBH4, the
solution turned yellowish brown and showed strong yellow
luminescence under UV light (Fig. S2†), indicating a change in
the oxidation state of the Fe atom in the Hb-matrix. Aer
lyophilization and re-suspension of the product in water, the
aqueous solution exhibited the same yellow luminescence
under UV light (inset of Fig. 1A). The aqueous phase also
showed discrete bands centered at 344 (3.60), 420 (2.95), 507
(2.45) and 639 nm (1.94 eV) (Fig. 1A). Such molecule-like
discrete bands are unique to QCs.36 The absence of any char-
acteristic band corresponding to Fe NPs (at 360 nm) further
conrmed that the FeQCs present in the aqueous phase were
nearly pure in the as-synthesized form and were mostly free of
large NPs.31 The FeQCs showed a luminescence band at 567 nm
(2.19 eV) upon photo-excitation at 530 nm (2.34 eV) (Fig. 1A).
The quantum yield (QY) of FeQCs in water (at 565 nm) was
determined to be 10%, using Rhodamine 6G (QY ¼ 95% in
CH3CH2OH) as the reference.

It is well known that the intrinsic uorescence of proteins,
due to aromatic amino acids like tryptophan, can show a tail in
the blue region. Furthermore, Hb consists of four porphyrin
moieties which are well-known to be red emitting. To rule out
potential artifacts, we conducted several control experiments by
taking account of all potential products that might have formed
aer the reaction of NaBH4 and piperidine, in the presence of
specic proteins (see Fig. S3–10 and Table S1†). First, we
considered apo-myoglobin, as Hb contains four myoglobin
units. The observed excitation as well as the emission peaks
(Fig. S3†) clearly rule out the possibility of any photo-
luminescence (PL) due to protein residues peaking at 565 nm.
Second, we considered hemato-porphyrin as a prototype of the
Nanoscale
porphyrin unit present in the protein and performed the same
experiment. Upon the treatment of NaBH4 and piperidine, the
PL peaks of hemato-porphyrin remained unchanged (Fig. S4†).
The observation indicates that the porphyrin moiety is not
responsible for the 565 nm PL peak. Finally, hemato-porphyrin
was attached to apo-myoglobin as a mimic of Hb (without iron)
and treated with NaBH4 and piperidine. Binding of apo-
myoglobin with hemato-porphyrin was checked with lifetime
measurements (Fig. S9†). The gure indicates that the decay is
slower compared to hemato-porphyrin aer the treatment. In
Fig. S5,† the absence of the 565 nm peak justies the role of Fe
in the yellow luminescence. Our control experiments rule out
the possibility of any kind of PL contribution from the protein
matrix and support the formation of a new type of material in
the protein environment. The occurrence of visible lumines-
cence in a material composed of iron is intriguing. Why should
a non-noble metal like Fe show such unique optical properties
is still unclear and detailed theoretical studies are needed to
establish the precise origin of the optical bands.

Transmission electron microscopic (TEM) images indicated
the presence of a large quantity of tiny particles with good
uniformity (Fig. 1B). However, conventional HRTEM is not a
reliable technique for evaluating the size distribution of QCs
due to electron beam-induced coalescence.37 Although X-ray
crystallography is the best method to understand the structure
and composition of any material in detail, to date no protein-
protected clusters could be crystallized. Mass spectroscopy is a
robust technique for characterizing proteins andmetal clusters.
Matrix-assisted laser desorption ionization mass spectrometry
(MALDIMS) and electrospray ionizationmass spectrometry (ESI
MS) are better suited to study the composition of QCs. MALDI
MS of Hb, using DHB as the matrix (details in the ESI†), showed
two peaks atm/z 15 230 and 15 990 Da due to the a-globin chain
(MW: 15 126.4 Da) and b-globin chain (MW: 15 867.2 Da) of Hb.
These peaks were shied to m/z values 15 760 and 16 500 Da,
respectively in the case of FeQCs@Hb (Fig. 1C) conrming
successful cluster formation. This mass difference corresponds
to 7–10 Fe atoms and the composition can be roughly assigned
to Fe7–10@Hb. However, due to resolution limitations in the
higher mass range, the exact number of Fe atoms, determined
from the mass difference, may not be correct. This problem was
circumvented by a ligand-exchange strategy with a small ligand,
tri-octylphosphineoxide (TOPO) (see later in the text). The
ligand-exchanged clusters were characterized using ESI MS
analysis, a more accurate technique for assigning the compo-
sition of molecules containing multiple isotopes.

The oxidation state of Fe was investigated by a number of
techniques. X-ray photoelectron spectroscopy (XPS) is the most
appropriate method to conrm the oxidation state of the core
for atomically precise noble metal clusters. In the present study,
although we attempted to obtain the XPS spectrum, due to the
inherent poor signal intensity of Fe 2p in XPS as well as the low
density of clusters in the protein, we could not establish the
oxidation state of Fe in the cluster. Instead, we have performed
an indirect method to verify the oxidation state of Fe that
we refer to as the “luminal experiment” (details in S1†).
Briey, Hb-bound Fe2+/Fe3+ in blood is a catalyst for the
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 (A) UV-vis absorption spectrum (yellow) of the water soluble cluster indicates the discrete, molecular like bands. Excitation (blue) and PL
(red) spectra of FeQC@Hb in water where, excitationwavelength¼ 530 nm and PLwavelength¼ 565 nm. (B) TEM image of FeQC@Hb shows a core
size of less than 2 nm. Several tiny particles of nearly uniform size are spread over the grid. (C) MALDI-TOFmass spectra of Hb (blue) and FeQC@Hb
(red) in the linear positive mode using the dihydroxybenzoic acid (DHB) matrix. (D) Upper panel: bright field photographs of the luminol–hydrogen
peroxide mixture after the addition of (i) FeQC@Hb (ii) Hb and (iii) water (control). Lower panel: dark field photograph of the luminol–hydrogen
peroxide mixture after the addition of (iv) FeQC@Hb (v) Hb and (vi) water (control). Note that, the chemiluminescence observed for the luminol–
hydrogen peroxidemixture (vi) is very poor; however, increases several folds in the presence of Hb (v) because of the presence of Fe2+ and Fe3+. In
the case of FeQC@Hb, the solution does not show any chemiluminescence revealing that Fe is in the zero oxidation state.

Paper Nanoscale

Pu
bl

is
he

d 
on

 2
7 

N
ov

em
be

r 
20

13
. D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

C
he

nn
ai

 o
n 

22
/1

2/
20

13
 1

4:
25

:0
1.

 
View Article Online
chemiluminescence reaction that causes luminol to intensely
glow blue in the presence of peroxide.38 During this reaction,
Fe2+/Fe3+ is reduced with the concomitant oxidation of H2O2 to
O2. However, if Fe is already in the ‘zero’ oxidation state, it
cannot catalyze the chemiluminescence reaction. Unlike the
case with Hb, FeQC@Hb could not induce a blue glow in a
mixture of luminol and H2O2 (Fig. 1D) suggesting that the as-
prepared QCs are in the metallic state.

Although water-soluble, protein protected FeQCs showed
evidence of high stability and quantum efficiency, accurate
molecular identication by MALDI MS analysis was a major
problem. It has been demonstrated that TOPO (tri-octylphos-
phineoxide) can be used as a stabilizing agent for Fe nano-
particles.31 Moreover, TOPO can be used for preventing
aggregation and slowing down oxidation of the Fe nanoparticles
by air.31 To work in a lower mass range, we chose TOPO, an
organic ligand, for ligand exchange as well as for transferring
the FeQCs into chloroform (details in S1†). TOPO-capped FeQCs
(FeQC@TOPO) in chloroform also exhibited discrete, molecule-
like bands at 355 (3.49), 402 (3.09), 516 (2.40), and 570 nm
(2.18 eV) (Fig. 2A). The bands were shied from the corre-
sponding bands of FeQC@Hb in aqueous medium (Fig. 1A).
Note that during ligand exchange, phase transfer was partial
This journal is © The Royal Society of Chemistry 2014
which indicated that only a part of the clusters is present in the
organic phase. Excitation and photoluminescence (PL) spectra
of FeQC@TOPO in chloroform are shown in Fig. 2B. 1H-NMR
experiments showed the chloroform layer, containing TOPO, to
be free of Hb or piperidine (Fig. S11†). The presence of tiny
FeQCs in the chloroform layer was veried from TEM images and
energy dispersive spectroscopy (Fig. S12†). The clusters aggre-
gated upon long-time electron beam irradiation forming
nanoparticles (Fig. S12†), as seen before in the case of Au
clusters.37 Therefore, it is fair to conclude that the 565 nm peak
originates solely from FeQC@TOPO. We note that the PL peak
remained constant during phase transfer while the absorption
spectra changed. For Au clusters, Negishi et al. have shown that
when the core size changes from Au10 to Au18 the lowest energy
absorption peak changes from 330 nm to 570 nm, whereas the
PL maximum remains constant at 1.5 eV.13 Akin to the Au
clusters, we anticipate that iron clusters with different core sizes
present in chloroform could have similar luminescence,
however, with different extinction compared to the clusters
present in water. The solution of FeQC@TOPO was brown under
visible light but exhibited a bright yellow color when irradiated
with UV light (Fig. 2B inset). Using Rhodamine 6G as the
reference, the QY of the FeQC@TOPO was determined to be
Nanoscale
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Fig. 2 (A) UV-vis absorption spectrum of FeQC@TOPO in chloroform
after solvent correction. Arrows indicate the absorption bands. (B)
Excitation and PL spectra of FeQC@TOPO in chloroform solution. Inset
shows the photograph of the cluster solution in chloroform under (I)
visible and (II) UV light. (C) Photoluminescence decay of FeQC@Hb and
FeQC@TOPO with instrument response function (IRF) �60 ps. Stan-
dard error of decay time components is �10%.

Fig. 3 ESI MS of TOPO and FeQCs@TOPO in themass rangem/z 800–
2000 Da showing the presence of [Fe8(TOPO)(H2O)2]

+, [Fe10(TO-
PO)3(H2O)3]

+, [Fe12(TOPO)3(H2O)3]
+ and [Fe13(TOPO)2(H2O)]+. Inset (i)

shows MS/MS of [Fe12(TOPO)3(H2O)3]
+ where ligand as well as Fe loss

is also observable. (A and B) [Fe12(TOPO)2(H2O)3]
+ and [Fe10(TO-

PO)2(H2O)3]
+ are compared with the theoretically calculated isotope

patterns of these species.
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12%. Fig. 2C shows the decay transients of the FeQCs before and
aer phase transfer. Luminescence lifetime values of the FeQCs,
obtained from luminescence transients observed at 565 nm
were 0.08 (64%), 0.91 (22%), and 3.90 (14%) ns in water and 0.11
(43%), 1.14 (38%), and 3.60 (19%) ns in chloroform. The
observed differences of the transients are not very signicant
and probably arise due to reduction of the non-radiative decay
in non-polar chloroform.39 The luminescence transients were
found to be almost invariant as a function of excitation wave-
lengths (375, 409 and 445 nm), which provided strong evidence
that the observed clusters have a similar luminescence prole
(Fig. S13†).

In order to obtain more denite mass spectral signatures, we
performed ESI MS analysis of TOPO capped FeQCs in 9 : 1
chloroform : acetonitrile in positive ion mode, in the m/z range
of 100–4000 Da. TOPO showed an intense peak atm/z 387 due to
its molecular ion peak. The TOPO dimer and other fragments
were also observable in the lower mass region (m/z < 800). In the
region beyond m/z 800, specic peaks due to clusters appear
Nanoscale
while the lower mass region is dominated by ligand peaks
(Fig. 3). In this gure, the expanded cluster region shows the
presence of multiple cores namely, [Fe8(TOPO)(H2O)2]

+,
[Fe10(TOPO)3(H2O)3]

+ and [Fe13(TOPO)2(H2O)]
+. It is to be noted

that, unlike several Au clusters,40 we have not seen any multiply
charged species and all the compositions were veried with
theoretically calculated isotope patterns. Along with the major
peaks observed as discussed above, several small intensity
peaks are also visible in the range studied. Most of the peaks are
fragments of the above mentioned peaks. One can envisage
three different ways of fragmentation, as observed in the
present study: (a) direct loss of TOPO, (b) loss of water (one or
multiple) molecule, and (c) loss of a TOPO fragment namely, the
octyl group. For instance, the peak atm/z 1131 is a TOPO-devoid
fragment of [Fe13(TOPO)2(H2O)]

+. Similarly, the peak at m/z
1386 corresponds to the TOPO-devoid fragment of [Fe10(TO-
PO)3(H2O)3]

+. The m/z 1257 peak is assigned to [Fe8(TO-
PO)2(H2O)2]

+ and hence, the m/z 870 peak is probably due to
[Fe8(TOPO)(H2O)2]

+, arising aer the loss of one TOPO moiety.
These are examples of direct loss of the TOPO moiety from the
parent cluster. The fragmentations were ascertained by exten-
sive MS/MS studies (see later). Loss as well as addition of water
molecules were also observed in some cases. Two peaks, at m/z
1368 and m/z 1404, accompanying the m/z 1386 peak (assigned
to [Fe10(TOPO)2(H2O)3]

+), arise due to the loss/gain of one water
molecule as [Fe10(TOPO)3(H2O)2]

+ and [Fe10(TOPO)3(H2O)4]
+

respectively. Water loss was also observed in the case of
[Fe8(TOPO)2(H2O)2]

+, where loss of two water molecules and one
ligand leads to a bare Fe8

+ core (see Fig. 4). The peak centered
This journal is © The Royal Society of Chemistry 2014
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around m/z 1660 is due to the loss of an octyl group from TOPO
from the parent ion [Fe10(TOPO)3(H2O)3]

+, which conrms the
presence of the third type of fragmentation pattern.

Another kind of fragmentation could be the loss of Fe. This
fragmentation pattern is seen for [Fe12(TOPO)3(H2O)3]

+. The
presence of a Fe12 core was conrmed from the MS/MS data,
where the parent peak, [Fe12(TOPO)3(H2O)3]

+, shows the loss of
two Fe atoms yielding [Fe10(TOPO)2(H2O)3]

+ along with
[Fe12(TOPO)2(H2O)3]

+ (Fig. 3i). The same [Fe10(TOPO)2(H2O)3]
+

fragment was seen in the MS/MS of [Fe10(TOPO)3(H2O)3]
+ (see

Fig. 4), where the parent cluster loses one ligand molecule to
generate the observed fragment. Fig. 3A and B clearly show that
the calculated and the experimentally observed isotope patterns
match very well. Although the mass of two Fe atoms and that of
one octyl group are nearly identical, the mismatch in the
observed isotope pattern in the case of [Fe10(TOPO)2(H2O)3]

+

rules out the presence of the octyl group.
Extensive MS/MS studies were performed to understand the

cluster compositions. Collision energy dependent MS/MS study
of the clusters showed consecutive ligand losses for all the
clusters investigated (Fig. S14–S18†). In Fig. 4A, MS/MS data for
[Fe10(TOPO)3(H2O)3]

+, [Fe12(TOPO)3(H2O)3]
+ and [Fe13(TO-

PO)2(H2O)]
+ are shown, keeping all experimental parameters
Fig. 4 (A) ESI MS/MS of (1) [Fe13(TOPO)2(H2O)]+ (black), (2) [Fe12(TOPO
subsequent ligand losses. For all the cases, parent ions are marked wit
PO)3(H2O)3]

+ shows two Fe losses also. In this case, the intensity of
[Fe13(TOPO)2(H2O)]+ spectrum is compared with the calculated spectrum
with a mass width of 1 Da. Fragment peaks after ligand loss are expande
parent ion chosen for MS/MS is mentioned above the isotope pattern obs
water losses to give a bare [Fe8]

+ core.

This journal is © The Royal Society of Chemistry 2014
and collision energies identical. In all the cases, ligand loss can
be seen with good isotope distribution, matching with the
calculated spectrum (data for [Fe13(TOPO)2(H2O)]

+ are shown in
Fig. 4B). The presence of Fe was also conrmed by conducting
MS/MS on each peak in a given envelope for the isotopes. For
example, in the case of [Fe13(TOPO)2(H2O)]

+, peaks in the range
m/z 1514–1522 Da were chosen with an isotope width of 1 Da
and MS/MS was performed (Fig. 4C). Each peak yielded a
distribution of peaks that arose principally due to the presence
of Fe. For [Fe8(TOPO)(H2O)2]

+, ligand as well as water loss could
be observed, producing a bare [Fe8]

+ core (Fig. 4D and S17†).
The presence of water, bound to the cluster core, was also
observed in the MS/MS study for the Fe13 core, where, upon
higher collision energy, [Fe13(TOPO)2(H2O)]

+ loses two ligands
to yield [Fe13(H2O)]

+ (Fig. S16†). This study proves the presence
of attached water to the cluster core, which may act as a ligand.
We observed the loss of TOPO in most of the cases, which could
be a reason behind the less than expected number of observed
ligands attached to the core. It is possible that before we could
detect the ion in ESI MS, the cluster might have already lost
some ligands which was seen in the case of [Fe8(TOPO)2(H2O)2]

+

(Fig. S18†). Another reason for the discrepancy might be that
the steric hindrance due to the presence of three octyl chains
)3(H2O)3]
+ (magenta) and (3) [Fe10(TOPO)3(H2O)3]

+ (green), showing
h stars and for fragments, the compositions are indicated. [Fe12(TO-
the parent peak has been multiplied by 50 to make it visible. (B)
. (C) MS/MS spectra of each peak in the [Fe13(TOPO)2(H2O)]+ envelope,
d in the inset, showing isotope distribution, principally due to iron. The
erved. (D) ESI MS/MS of [Fe8(TOPO)2(H2O)2]

+ showing ligand as well as

Nanoscale
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present in a single TOPO molecule acted as a deterrent to
attachment of more TOPO ligands. However, only a detailed
theoretical study on the position and conformation of the
ligands and structure of the cluster core can sort out this puzzle.

Bound water molecules have been reported earlier for den-
drimer capped Au8 nanodots by Dickson et al.41 However, the
presence of three water molecules bound to Fe, a metal much
more reactive than Au, was totally unexpected. The MS data
were complemented by the solid-state FT-IR studies of TOPO
and FeQC@TOPO where it was found that both TOPO and
FeQC@TOPO contain small amounts of water (Fig. S19†). To
further probe the nature of water in TOPO and FeQC@TOPO,
1H NMR studies were performed on TOPO and FeQC@TOPO
in CDCl3. Superimposed 1H-NMR spectra of TOPO and
FeQC@TOPO are shown in Fig. 5. Except for one singlet reso-
nance (2.32 ppm for TOPO and 1.69 ppm for FeQC@TOPO
samples), the two spectra are identical and are in agreement
with the previously published spectrum of TOPO.42 The unique
singlet peaks in each spectrum, distinct from pure water signal
in chloroform (7.24 ppm), could be attributed to TOPO/
FeQC@TOPO bound water since the peaks disappeared upon
addition of D2O. This is consistent with the presence of bound
water molecules associated with FeQC@TOPO (from ESI MS
and FT-IR) and TOPO (from FT-IR). If the water signal in
FeQC@TOPO indeed corresponds to molecules bound to FeQCs,
then the super-paramagnetic FeQC-center (Fig. S20†) is expected
to induce faster relaxation and an upeld chemical shi of the
FeQC-bound water resonance. Compared to that in TOPO, the
water signal in FeQC@TOPO showed an upeld shi (0.63 ppm)
and faster relaxation, both in terms of spin-lattice relaxation
time T1 (2.54 s in TOPO and 1.13 s in FeQC@TOPO) and
line width or 1/T2* (0.019 ppm in TOPO and 0.034 ppm in
FeQC@TOPO). The presence of the upeld shied and broad-
ened water peak (Fig. 5) in the background of all other proton
peaks (due to TOPO) establishes a strong interaction of water
molecules on the cluster surface.
Fig. 5 1H-NMR spectra of TOPO (blue) and FeQC@TOPO (red). Bound
water resonances for both the samples are marked with dotted circles.
Broadening of the FeQC@TOPO-bound water resonance is shown in
the inset.

Nanoscale
Conclusion

In summary, we have devised a facile synthetic route for
preparing atomically precise and highly luminescent FeQCs.
These clusters synthesized in solution have been detected as
[Fe8(TOPO)(H2O)2]

+, [Fe10(TOPO)3(H2O)3]
+, [Fe12(TOPO)2(H2O)3]

+

and [Fe13(TOPO)2(H2O)]
+, with well-dened and unique isotope

distribution in ESI MS. The cluster contains water molecules as
revealed by ourMS/MS analysis which was corroborated by FT-IR
and NMR spectroscopic studies. It is anticipated that a theo-
retical study will provide further insights into the structure,
stability and conformation of the cluster. We believe that this
new material holds promise for fundamental applications like
catalysis, imaging and sensing.
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S1. Materials 

Hemoglobin (Hb), sodium borohydride, tri-octylphosphine oxide (TOPO), Luminol, 
Rhodamine and chloroform were purchased from Sigma-Aldrich. Piperidine was purchased 
from Spectrachem. Milli-Q (From Millipore) water was used throughout the experiments. All 
the chemicals were used as received without further purification. 

Synthesis of the protein-incorporated FeQCs: 

In a typical synthesis, first, 60 mg of Hb was dissolved in 5 mL Milli-Q water. 12 mL of 
piperidine was then added to the protein solution to extract the iron from the protein. The 
solution was then stirred for 15 min at room temperature. Second, 36 mg of 3 mL ice cold 
sodium borohydride was slowly added to the solution under vigorous stirring. The reaction 
mixture was then stirred for 24 hrs, resulting in the formation of a yellowish brown solution 
that showed a strong yellow luminescence under UV lamp (Figure S1). 

Ligand exchange and phase transfer from water to chloroform:  

For phase transfer, 0.01M of TOPO was taken in 3 mL of chloroform on the bottom of 3.0 
mL (10 mg/ mL) of aqueous FeQC@Hb solution. The mixture was gently stirred for 8-12 hrs 
at 298 K. Exchange can be observed directly by visible color change of the organic phase 
from colorless to reddish brown. 

Evidence of “zero oxidation state” of FeQC in Hb matrix: 

Detection procedure using chemiluminescence: Luminol solution was prepared (1g/mL) 
and solution was kept in three test tubes (each contains 1 mL of 1g/mL luminol solution). 0.2 
mL of each sample [e.g., FeQC@Hb (2.2 mg/mL), Hb (2.2 mg/mL) and water] was added to 
that luminol solution. Finally, 1 mL of 3% hydrogen peroxide was added and the photographs 
were taken immediately. 

Quantum yield calculation:  

The quantum yield was calculated according to the following equation: 
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where Q and QR are the quantum yield of the sample and reference (Rhodamine in 
methanol), I and IR are the integrated fluorescence intensities of the sample and reference, 
OD and ODR are the optical densities of the sample and reference at the excitation 
wavelength, and n and nR are the refractive indices of the chloroform/protein and reference 
solutions. The absolute quantum yield of Rhodamine 6G in ethanol, was taken to be 95%. 
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Methods 

UV–vis Absorption Spectroscopy:  

Optical absorption spectra of the solutions were measured with a Shimadzu 
spectrophotometer. 

Photoluminescence (PL) spectroscopy:  

The PL spectra were recorded on a Jobin Yvon Fluoromax-3 fluorometer. 

Time correlated single photon counting: 

Picosecond-resolved fluorescence decay transients were measured by using a commercially 
available spectrophotometer (Life Spec-ps, Edinburgh Instruments, UK) with 60 ps 
instrument response function (IRF). The observed luminescence transients were fitted by 

using a nonlinear least square fitting procedure to a function ∫ −=
t

dtttRtEtX
0

)')'()'()((  

comprising of convolution of the IRF ))(( tE with a sum of exponential 

)eBA(R(t)
N

1i

t/τ
i

i∑
=

−+= with pre-exponential factors (Bi), characteristic lifetimes (τi) and a 

back ground (A). Relative concentration in a multi exponential decay was finally expressed 

as: 100
1

×=
∑ =

N

i i

n
n

B
Bc . The quality of the curve fitting was evaluated by reduced chi-square 

and residual data. It has to be noted that with our time resolved instrument, we can resolve at 
least one fourth of the instrument response time constants after the de-convolution of the IRF. 

Transmission electron microscopy (TEM):  

TEM images were taken using a FEI TecnaiTF-20 field-emission high-resolution 
transmission electron microscope operating at 200 kV. Samples for TEM imaging were 
prepared by placing a drop of as-prepared QCs solution on a carbon coated Cu grid and the 
solvent was evaporated under a bulb. 

Matrix-assisted laser desorption mass spectrometry (MALDI-MS): 

An Applied Biosystems Voyager DE Pro MALDI TOF MS instrument was used for the mass 
spectral analysis of Hb and FeQC@Hb. A pulsed nitrogen laser of 337 nm was used for 
sample ionization. 2, 5-dihydroxy benzoic acid (DHB) was used as the matrix. Samples were 
prepared by dissolving 2 µL of the as-synthesised FeQC@Hb in 40 µL DHB matrix (5 mg/mL 
of DHB was prepared in 1:1 water methanol mixture) and 2 µL of the resulting mixture was 
spotted and kept for drying in ambient environment. Spectra were collected in the linear 
positive mode and an average of 250 shots was taken for each spectrum.   

Electrospray ionization mass spectrometry (ESI-MS): 

The ESI mass spectrometric measurements of FeQC@TOPO were done in the positive mode 
using a Thermo Scientific LTQ XL ESI MS, with a mass range of m/z 100-4000, in which 
the spray and the extraction are orthogonal to each other. The clusters, obtained after freeze 
drying were dispersed in 9:1 chloroform and acetonitrile mixture and used for mass 
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spectrometric measurements. The spectra were averaged for 200 scans. Ion spray voltage was 
kept at 2.5 kV and capillary temperature was set at 275°C. 

Fourier transform infrared spectroscopy (FT-IR Spectroscopy):  

FT-IR spectra were measured with a Perkin Elmer Spectrum One instrument. KBr crystals 
were used as the matrix for sample preparation. Powder samples of TOPO and FeQC@TOPO 
(which were collected after lyophilisation) were measured.  

Vibrating sample magnetometer (VSM):  

Magnetic measurements were performed in a Lake Shore VSM with an electromagnet that 
can produce field up to 1.6T. 

Nuclear magnetic resonance (NMR): 

NMR experiments were performed on samples in CDCl3 solution using a Bruker DRX 500 
MHz spectrometer. 

 

 

Figure S2. Photographs of (A) Hb (left upper panel) and (C) FeQC@Hb (left lower panel) in water-
piperidine solvent and their corresponding photographs (B) (right upper panel) and (D) (right lower 
panel) under UV light. Change in colour (A to C i.e., brown to yellow) under visible light indicates 
the change of Fe oxidation state. 
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Figure S3. Excitation (left) and PL (right) spectra of Apo-myoglobin after the addition of piperidine 
and sodium borohydride indicates that 440 nm emission peak (blue) is originate from protein. Arrows 
indicate the excitation peaks. The peak at 280 nm is attributed to the tryptophan residues in Apo-
myoglobin. The other peak at 320 nm is originated from the protein (Apo-myoglobin), which may be 
attributed to the photoproducts of some aromatic amino acids. 

 

Figure S4. Excitation (blue) and PL (red) spectra of Hemato-porphyrin after the treatment with 
piperidine and sodium borohydride.  
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Figure S5. Excitation (left) and PL (right) spectra of Apo-myoglobin-Hemato-porphyrin complex 
after the addition of piperidine and sodium borohydride. Absence of any yellow luminescence 
justifies the role of Fe ions for the generation of 565 nm PL peak. 

 

 

 

Figure S6. Photographs of Hemato-porphyrin, Apo-myoglobin and Holo-myoglobin (from left to 
right; after the addition of piperidine and sodium borohydride) under visible (upper panel) and UV 
light (lower panel). The photographs show the difference of PL under same excitation (365 nm UV 
light). 
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Figure S7. PL spectra of (a) FeQC@TOPO in chloroform, (b) FeQC@Hb and (c) Apo-myoglobin-
Hemato-porphyrin complex after the addition of piperidine and sodium borohydride. Excitation 
wavelengths are 280 nm for pink, 330 nm for blue, 450 nm for yellow and 580 nm for red. The 
spectra clearly notify that 565 nm peak is due to FeQCs, not from any protein residues.  

 

 

Figure S8. Picosecond-resolved fluorescence transients (Y axis is in ln scale) of Hemato-porphyrin, 
after the addition of piperidine and sodium borohydride, collected at 612 nm (blue) and 675 nm (red) 
respectively. Excitation wavelength was 375 nm in both cases. Note that the transients of FeQC@Hb 
or FeQC@TOPO (See Figure 2c in the manuscript) were faster than these PL decays (Table S1) 
indicating the origin of 565 nm PL from different species in the FeQC samples apart from porphyrin 
unit. Base lines are shifted for clarity. 
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Figure S9. Picosecond-resolved fluorescence transients (Y axis is in ln scale) of Apo-myoglobin-
Hemato-porphyrin complex, after the treatment with piperidine and sodium borohydride, collected at 
620 nm (red) and 680 nm (blue), respectively. Excitation wavelength was 375 nm. The decay 
transients are found to be slower after the treatment compared to Hemato-porphyrin suggesting the 
binding of Hemato-porphyrin to Apo-myoglobin. Base lines are shifted for clarity. 

 

Figure S10. Picosecond-resolved fluorescence transients (Y axis is in ln scale) of (a) Apo-myoglobin-
Hemato-porphyrin complex, (b) Hemato-porphyrin and (c) FeQC@Hb, collected at 650 nm 
respectively. Excitation wavelength was 375 nm. (All the decays have been taken after the treatment 
of sodium borohydride in water + piperidine mixture). Decay of FeQC@Hb is different from treated 
Hemato-porphyrin and Hemato-porphyrin-Apo myoglobin complex, suggesting that the peak at 647 
nm originates from the QC’s.  
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Figure S11. 1H-NMR spectra of piperidine, TOPO, FeQC@TOPO and the control sample in CDCl3 

solution. For control, phase transfer has been performed by taking 3 mL of chloroform on the bottom 
of 3.0 mL (10 mg/ mL) of aqueous FeQC@Hb solution. The mixture was gently stirred for 8-12 hrs at 
298 K. Finally, the solution in chloroform was lyophilized and CDCl3 was added to perform the NMR 
experiment. From the figure it is clear that FeQC@TOPO is free from piperidine and protein residues. 

 

 

Figure S12. TEM image (A) of FeQC@TOPO shows the presence of tiny QCs. Inset shows the size 
distribution of the QCs. The scale bar in the TEM image is 20 nm. (B) TEM image of iron cluster 
aggregates upon 20 min electron beam irradiation. Crystal lattice of the one grown particle is shown 
by lines. Inset shows the corresponding SAED pattern. (C) EDS spectrum shows the presence of iron. 
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Figure S13. Picosecond-resolved fluorescence transients of FeQC@TOPO (A) at 409 nm excitation 
and (B) 445 nm excitation, show the lifetime profiles are independent of the excitation wavelength. 

 

 

 

 

 

 

 

 

 

 

 

Figure S14. ESI MS spectra of TOPO and FeQC@TOPO in a larger mass window. The region, m/z 
800-2000, marked with dotted rectangle is expanded in the inset. Major peaks are labelled. Other 
peaks are fragments from these peaks, as confirmed from MS/MS. The peaks labelled * are 
unidentified ions. 
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Figure S15. ESI MS/MS of [Fe10(TOPO)3(H2O)3]+ with increasing collisional energy (CE) showing 
multiple ligand losses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S16. ESI MS/MS of [Fe13(TOPO)2(H2O)]+ with increasing collision energy (CE) showing 
multiple ligand losses. 
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Figure S17. ESI MS/MS of [Fe8(TOPO)(H2O)2]+ with increasing collision energy (CE) showing 
ligand as well as water losses. 

 

 

 

 

 

 

 

 

 

 

Figure S18. ESI MS/MS of [Fe8(TOPO)2(H2O)2]+ showing ligand loss. 
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Figure S19. FT-IR spectra of TOPO and FeQC@TOPO show the presence of water vibration bands 
marked with dotted circles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S20. Vibrating sample magnetometer (VSM) data of FeQCs show the super-paramagnetic 
behaviour of the QCs (plotted after subtracting the diamagnetic background from the sample holder). 
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Table S1. Lifetime values (excitation at 375 nm) of the control experiments have provided the 
evidence of formation of FeQCs in the protein matrix. Values in parentheses represent the relative 
weight percentage of the time component with a standard error of ~ 10%. 

 

Name Wavelength (nm) 
(λmax) 

Lifetimes (ns) 
(Percentage) 

Average 
Lifetime (ns) 

 
 
 
 

FeQC@Hb 
 
 
 

 
450 

0.05 
(78%) 

0.67 
(16%) 

3.84 
(06%) 

 
0.39 

 
565 

0.08 
(64%) 

0.91 
(22%) 

3.90 
(14%) 

 
0.80 

 
650 

0.07 
(49%) 

1.02 
(25%) 

4.79 
(26%) 

 
1.53 

 
 
 
 

Hemato-porphyrin 

 
612 

0.14 
(20%) 

 

1.24 
(13%) 

14.78 
(67%) 

 
10.15 

 
650 

0.16 
(24%) 

1.4 
(20%) 

13.77 
(56%) 

 
7.98 

 
675 

0.125 
(21%) 

1.25 
(16%) 

14.06 
(63%) 

 
9.00 

 
 
 
 

FeQC@Holo-
Myoglobin 

 
 
 

 
450 

0.05 
(88%) 

0.10 
(05%) 

4.78 
(02%) 

 
0.21 

 
565 

0.17 
(52%) 

0.84 
(39%) 

3.04 
(09%) 

 
0.70 

 
650 

0.14 
(37%) 

1.16 
(34%) 

4.08 
(29%) 

 
1.63 

 
 
 
 

Apo-Myoglobin 
& 

Hemato-porphyrin 
complex 

 
 
 

 
 620 

- 1.13 
(09%) 

15.29 
(91%) 

 
14.06 

 
 650 

0.15 
(19%) 

1.40 
(17%) 

14.07 
(64%) 

 
9.30 

 
             680 

- 1.03 
(13%) 

14.78 
(87%) 

 
13.03 
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C
arbon has been exciting to scientists
for centuries and still continues to
fascinate the scientific community in

the form of nanometer-sized allotropes such
as bucky balls1 and nanotubes2 and, more
recently, in the form of the ideal atomic
layer, graphene.3 Numerous chemical var-
iants of these have also been explored. Both
single-walled carbon nanotubes (SWNTs)
and graphene possess unique properties
with diverse applications in electronics4�6

and quantum computing7 and, above all,
possess the ability to unravel many fun-
damental questions related to ballistic-
thermal and -electronic transport.8�13 SWNTs
requirehighpurityandaccuratecharacterization

in terms of chiralities and length and di-
ameter distribution for them to be used in
most of the specific applications. A similar
scenario exists in the case of graphene as
well, being vulnerable to drastic changes in
the band structure with increasing number
of layers,14 changes in the edge states,15 etc.
It has been understood both theoretically

and experimentally that graphene ribbons
can have a band gap that could be tuned by
varying its width16,17 and geometry.18 Nano-
ribbons are considered important because
of the emerging local magnetism with very
specific edge states.19 There are also at-
tempts to use these nanoibbons in elec-
tronics by visualizing them as active channel
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ABSTRACT We report an in situ Raman spectroscopic and microscopic investigation of the electro-

chemical unzipping of single-walled carbon nanotubes (SWNTs). Observations of the radial breathing modes

(RBMs) using Raman spectral mapping reveal that metallic SWNTs are opened up rapidly followed by

gradual unzipping of semiconducting SWNTs. Consideration of the resonant Raman scattering theory

suggests that two metallic SWNTs with chiralities (10, 4) and (12, 0) get unzipped first at a lower electrode

potential (0.36 V) followed by the gradual unzipping of another two metallic tubes, (9, 3) and (10, 1), at a

relatively higher potential (1.16 V). The semiconducting SWNTs with chiralities (11, 7) and (12, 5), however, get

open up gradually at (1.66 V. A rapid decrease followed by a subsequent gradual decrease in the

metallicity of the SWNT ensemble as revealed from a remarkable variation of the peak width of the G band complies well with the variations of RBM. Cyclic

voltammetry also gives direct evidence for unzipping in terms of improved capacitance after oxidation followed by more important removal of oxygen

functionalities during the reduction step, as reflected in subtle changes of the morphology confirming the formation of graphene nanoribbons. The density

functional-based tight binding calculations show additional dependence of chirality and diameter of nanotubes on the epoxide binding energies, which is in

agreement with the Raman spectroscopic results and suggests a possible mechanism of unzipping determined by combined effects of the structural

characteristics of SWNTs and applied field.

KEYWORDS: graphene . single-walled carbon nanotubes . electrochemistry . Raman spectral mapping .
density functional-based tight binding calculations
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materials in field effect transistors.20,21 Hence, it is
desirable to have a precise method without any over-
oxidation to convert specific SWNTs to graphene
nanoribbons and thereby create graphenic materials
of desired properties. This concept was also aided by
the ability to separate SWNTs according to their
metallicity22 and diameter,23 which eventually helps
in getting graphene ribbons of specific width and edge
structure. In this context, recently, Dhanraj et al. de-
vised an electrochemical route to convert multiwalled
nanotubes into multilayered graphene nanoribbons
(GNRs).24 In brief, nanoribbons of a few layers of
graphene have been prepared from carbon nanotubes
(CNT) by a two-step electrochemical approach consist-
ing of oxidation of CNTs at controlled potential, fol-
lowed by reduction to form GNRs having smooth
edges and fewer defects, as evidenced by multiple
characterization techniques, including Raman spec-
troscopy, atomic force microscopy, and transmission
electron microscopy (TEM). However, neither the role
of electric field nor the mechanism of opening and the
sequence of events between CNT breaking (oxidative
cleavage of the C�C bond) and GNR formation has
been probed. Answers to questions such as, is the
unzipping fundamentally different for metallic and
semiconducting CNTs, where does the curvature
break, and what is the reason for selecting a mixture
of semiconducting and metallic CNTs, have not been
explored, although both single and multiwalled
CNTs have been shown to generate GNRs with con-
trolled widths and fewer defects. An in situ spectro-
scopic investigation of various stages of the above
sequential processes can possibly reveal the mech-
anism of unzipping of nanotubes and selective
breaking, if any. This will also be important to under-
stand themechanism of unzipping of SWNTs to GNRs
by other methods such as laser cutting and chemical
unzipping.25,26

RESULTS AND DISCUSSION

We report an in situ Raman spectroscopic and
microscopic investigation (see Methods and Materials
for a detailed description) of the electrochemical un-
zipping of SWNTs to form graphene ribbons. It was
desirable to have a different electrochemical setup that
enables this process to be observable in real time. An
electrochemical cell was constructed by making a
discontinuity on a conducting indium tin oxide (ITO)-
coated glass plate to have both electrodes (working
and counter) laterally mounted on the same surface in
order to suit Ramanmeasurements. The constraint due
to the microscopic setup (limited working distance of
the objective used) did not allow us to have a cell
thicker than 0.24 mm. SWNT dispersion (Methods and
Materials) in N,N-dimethyl formamide (DMF) was de-
posited on the working electrode, which was kept
under the microscope. A particular portion of the

nanotube sample, say a bundle which contains many
SWNTs, was selected and continually imaged using
Raman spectral features keeping the same region
(20 μm � 20 μm) by varying the potentiostatic condi-
tions. A schematic of the experimental setup used for
the study is given in Figure 1 (details are given in the
Materials and Methods).
An average micro-Raman spectrum from the drop-

casted SWNT on the working electrode shows all the
expected features such as the radial breathing
modes (RBMs) appearing in the spectral window
of 180�280 cm�1, a not so prominent D band
(1345 cm�1), a G band (1593 cm�1), and a 2D band
(2660 cm�1). A high-resolution RBM spectrum col-
lected for the same sample using a grating of 1800
grooves/mm shows three distinct features at 196
(designated here on as RBM I), 240 (RBM II), and 276
(RBM III) cm�1. RBMs II and III indicate the presence of a
number of metallic nanotubes (mSWNT), and RBM I is
due to a couple of semiconducting tubes (sSWNT) with
different chiralities. By considering the resonance
(532 nm laser, 2.33 eV) condition of our measurement,
the bundling of SWNTs, the peak positions, and the
peak width of ωRBM, a more reasonable assignment of
the chiralities can be suggested as follows: 196 cm�1

[(11, 7) or (12, 5), interband transition E33 = 2.37 or
2.35 eV, diameter d = 1.25 or 1.2 nm, semiconducting],
240 cm�1 [(10, 4) or (12, 0), E11 = 2.24 or 2.23 eV, d= 0.98
or 0.94 nm, metallic], 276 cm�1 [(9, 3) or (10, 1),
E11 = 2.43 or 2.41 eV, d = 0.85 or 0.83 nm, metallic].27�29

While the data from one set of SWNT bundles is
presented here, data fromother bundles are presented
in the Supporting Information. Each data set has also
been checked for reproducibility.
Spatially resolved Raman spectra (see Materials and

Methods) were collected in the spectral window of
0�3900 cm�1 for various electrochemical conditions

Figure 1. Schematic of the experimental setup used for the
in situ Raman spectroscopic investigation of the unzipping
of SWNTs with orthogonal laser illumination and spectral
collection in the backscattering geometry, inside the elec-
trochemical cell. Various parts of the electrochemical cell
and essential parts of the Raman spectrometer are labeled.
The connections to the electrodes from the dc source are
given using a 0.1 mm thick Pt wire.
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(labeled in Figure 2). Figure 2 shows the evolution of
the average spectral features of the SWNT sample
upon various cycles of electrochemical processes. A
decrease in peak width of the G band was observed as
time evolves and with increased potentials, which is
indicative of reduction in the metallicity of the SWNT
bundle. There was also an increase in the D band
intensity, suggesting increased defects (see Figures 4
and 5 and the subsequent text for detailed discussion).
The spectral position of the 2D band remains un-
changed with a slight decrease in the peak width,
suggesting the single-layer nature of the formed gra-
phene ribbon with uncoupled ribbons. The inset of
Figure 2 gives the evolution of the three RBMs of the
average spectrum collected from the SWNT bundle,
say RBM I (196 cm�1), RBM II (240 cm�1), and RBM III
(276 cm�1), which are labeled in the graph as I, II, and III,
respectively. It is evident that immediately after the
application of 0.36 V (red trace) to the working elec-
trode, the intensity of feature II, corresponding to
SWNTs with chiralities (10,4) and (12, 0), gradually
disappears along with a considerable decrease in the
intensity of feature III.
This remarkable change in RBM II suggests rapid

unzipping at a relatively lower anodic potential. The
subsequent steps show a gradual decrease in the
intensity of RBM III, although the intensity of feature I
was almost constant. However, after 7 h of application

of 1.66 V to the working electrode, the intensity of RBM
III (mSWNT) almost disappears (wine red colored trace),
while the intensity of RBM I (another type of sSWNT)
disappears only after the application of �1.66 V. The
electrochemical potentials have been calibrated by
carrying out separate experiments under identical
conditions of the two-electrode in situ electrochemical
cells in a three-electrode setup using a mercury/
mercurous sulfate reference electrode. The hump still
existing at the position of RBM II at the higher
potentials is due to the fact that the spectra given
in Figure 2 are averages of all the spectra collected
throughout the region of the SWNT bundle. Upon
examination of smaller areas, we see that there is a
complete disappearance of this band immediately
after the application of 0.36 V (Figure S1). We believe
that there are inhomogeneities in the potential
across a large area, and unzipping proceeds only
slowly in such regions, explaining this overall spec-
tral behavior.
Images corresponding to different phononmodes in

SWNTs were filtered from the spectral map, and they
reveal similar morphology, confirming the presence of
high-quality SWNTs. A comparison of the images ob-
tained from specific vibrational features for various
electrochemical oxidizing conditions further confirms
the sequential unzipping of different kinds of SWNTs
to form graphene ribbons. Figure 3 compares the
morphological features filtered using RBM I (178�
206 cm�1), RBM II (228�256 cm�1), and RBM III
(264�288 cm�1) for potentials of 0 V (open circuit with
no external bias), 0. 36 V (immediately after the
application), and 1.16 and 1.66 V, applied to the work-
ing electrode for 7 h each. Three columns contain
images filtered using RBM features of three pairs of
SWNTs. The first column (RBM I) is the image due to
sSWNTs (11, 7) or (12, 5), and the second (RBM II) and
third (RBM III) columns correspond to mSWNTs (10, 4)
or (12, 0) and (9, 3) or (10, 1), respectively. The spectral
window for each set of RBMs is given at the top of each
column. Each row corresponds to various potentio-
static conditions (as labeled at the left of each column)
showing a different extent of oxidation of various
types of nanotubes. The corresponding images after
intermittent reducing potentials (by the application
of �0.36, �1.16, and �1.66 V for 7 h) are shown in
Figure S2 (Supporting Information).
The first row (Figure 3a�c) shows the presence of

the three RBMs prior to the application of potential (i.e.,
open circuit with no external bias denoted by 0 V) to
the electrodes of the cell. The second row shows the
presence of RBM I (d) and RBM III (f) in the imaged
structure with a disappearance of the image filtered
using RBM II (e) immediately after the application of
0.36 V to the working electrode. This is indicative of the
rapid unzipping of two of the mSWNTs, (10, 4) and
(12, 0). Figure 3 h and i show the absence of RBMs II

Figure 2. Raman spectra of gradual unzipping of SWNTs.
Inset displays the averaged RBM spectra from the sample
for various conditions. The black trace is that of the parent
material. The red trace (immediately after the application
of 0.36 V) shows near-complete disappearance of the
second RBM. The third RBM disappears with various
conditions, as one can see from the decrease in intensity
of the peak around 276 cm�1. Various conditions are
labeled by different color. A considerable decrease in
the width of the G band is observed, suggesting the
reduction in metallicity along with an increase in the D
band, which implies increased defects formed during
unzipping. The variations in the 2D band at 2660 cm�1

band have been discussed elsewhere in the text. Feature-
less regions of the spectra are used to place the insets.
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and III, suggesting the unzipping of another two
types of mSWNTs, (9, 3) and (10, 1), after the applica-
tion of 1.16 V for a period of 7 h. Figure S1
(Supporting Information) shows the disappearance
of RBM I, suggesting the opening of sSWNTs (11, 7)
and (12, 5) with the disappearance of the 196 cm�1

peak after the application of �1.66 V for a period
of 7 h.
Although specific morphological features due to the

three RBMs disappear sequentially with the application
of the electric field, other morphological features
filtered using D, G, and 2D remain more or less
invariant. This is especially significant for unraveling

the sequence of events associated with defect gen-
eration and lose of curvature. Figure 4 shows the
Raman images filtered from 1320 to 1380 cm�1

(D band), 1565�1615 cm�1 (G), and 2620�2700 cm�1

(2D) before (a, b, and c) and after (d, e, and f) electro-
chemical processing. It is self-evident that the image
filtered from G and 2D remains intact, whereas the
features due to the D band are enhanced during
the process, indicating additional defects formed
upon unzipping (shown in Figure 4d). These pre-
served features arising from the planar sp2-hybri-
dized hexagonal carbon lattice along with the
disappearance of RBMs suggest the unzipping of
SWNTs to form GNRs. The images filtered using
D, G, and 2D bands for the intermediate steps
(immediately after the application of 0.36, 0.36,
�0.36, 1.16, �1.16, and 1.66 V applied continuously
for 7 h) are shown in Figures S3, S4, and S5. Addi-
tional measurements have been conducted on
different bundles to confirm this phenomenon
(Figures S6, S7, and S8). Formation of graphene
ribbons was confirmed by TEM (Figures S9 and 10).
The relative intensity of RBM III with respect to that of

RBM I (blue scatter) plotted in Figure 5a clearly shows a
reduction at various steps (electrochemical conditions),
numbered from 1 to 7 (same order as in Figure 2). We
have excluded the eighth step (i.e., �1.66 V applied to
the working electrode) as in most cases the RBMs I and
III are not present or are negligible to take a ratio.
A considerable increase in the intensity of the D
(1345 cm�1) band is observed with each step. The
ID/IG ratio has increased (Figure 2) from 0.039 (for open
circuit) to 0.246 (after the application of �1.66 V
for 7 h), suggesting the unzipping of SWNTs along
with the addition of some undesirable defects.
We have tried to analyze the G band and a broad
shoulder present at its lower wavenumber region by
deconvoluting the region from1520 to 1610 cm�1 with
two adjacent Lorentzian peaks (see a representative fit
in Figure S11). The peak in the spectral range of 1520 to
1580 cm�1 (labeled as G* here on) accounts for the
metallicity of the bundle, whose position and width
vary with the electrochemical conditions. The peak
width of the G (1596 cm�1) band decreased from
23 cm�1 for the pristine SWNT to 18 cm�1 for the
seventh step with a small increase to 19 cm�1 for the
last step, i.e., application of �1.66 V for 7 h. This
variation in the peak width of the G band is also
displayed in Figure 5a (wine color scatter), against
various steps. The data plotted are the average of the
information from four sets of in situ Raman spectro-
scopic data. The standard deviation is given as the error
bar. The G* band shows a large decrease in its area and
width along with a shift of the center maximum of the
Lorentzian peak (details are given in Table S1 and
Figure S12). This along with the variation in the RBM
intensity ratio (blue scatter) explicitly confirms reduction

Figure 3. Evolution of the RBM region during electrochem-
ical unzipping. Three columns contain images filtered
using the RBMs of three different types of SWNTs. RBM I is
due to sSWNTs (filtering windows is 178�206 cm�1),
whereas RBMs II and III are from mSWNTs (228�256 and
264�288 cm�1, respectively). Each row corresponds to
various stages of unzipping (corresponding to different
oxidizing potentials as labeled at the left of each column)
for the disappearance of various types of nanotubes. Raman
images a�c show the presence of the three types of SWNTs
prior to the application of potential (open circuit, i.e., zero
applied bias) to the electrodes of the cell. The second row
shows the presence of RBM I (d) and RBM III (f) in the
imaged structure with a disappearance of the image due
to RBM II (e) immediately after the application of 0.36 V to
the working electrode; images h and i show the absence
of RBM II and III (mSWNTs), respectively, after the applica-
tion of 1.16 V for a period of 7 h to the working electrode.
Image j shows clear reduction in the intensity of RBM I
throughout the bundle, along with the absence of RBM II
(k) and III (l) after the application of 1.66 V to the working
electrode for a period of 7 h. The color scaling varies
slightly in each of the figures as the absolute intensities
may not be the same in all the images. While the scale bar
is 4 μm for images in the first two rows (a�f), it is 3 μm for
the last two rows (g�l).
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in metallicity.30 We have also fitted the 2D band with
a Lorentzian to measure the variation accurately. It is
seen that there is a decrease in the intensity of the 2D
band as the transformation progresses. We have also
found from the spectral deconvolution data that
there is a decrease in the width of the 2D band
(Figure S13), which is an indication of the decoupling
of the layers: the separation of individual tubes from
one another upon unzipping in this particular ex-
periment. As the sample under study was a bundle

(not isolated SWNTs), it is intuitive that the integrity
of the bundle might be affected by the unzipping
process, as evident from Figure S10. However, it is
difficult to know the details of the modification
happening to the bundle using the available obser-
vations. The variation of the RBM at negative elec-
trode potentials can happen only after the prior
application of a positive potential. This suggests
that the oxidation followed by reduction enhances
unzipping.

Figure 4. Transformation of SWNTs to graphene ribbons. The first row (a, b, and c) presents the images of the SWNT prior to
the electrochemical unzipping, filtered using D (1320�1380 cm�1), G (1565�1615 cm�1), and 2D (2620�2700 cm�1) bands,
respectively (scale bar is 4 μm). The second row (e, f, and g) shows the images of the unzipped SWNTs filtered using D, G, and
2D bands. The presence of the G and 2D bands suggests that the sp2-hybridized carbon structure is intact with an increase in
the defect density (scale bar is 3 μm).

Figure 5. (a) Variation in the intensity ratios of the third RBM to that of the first RBM (blue) and variation of the peak width of
the G band (wine color) for various steps (electrochemical conditions labeled in Figure 2 in the same order). Each point is the
mean of the ratios from all four sets of in situ Raman data considered in the article. Their standard deviation is given as the
error bar. (b) Cyclic voltammograms of pristine SWNT mixture, SWNT oxide, and graphene nanoribbons in the potential
window from�0.7 to 0.7 V vsMMS in 0.5 M H2SO4 (same as used for the in situ Ramanmeasurements) using a glassy carbon
electrode at 100 mV/s scan rate. Arrows in the figure indicate the potential where SWNTs are selectively oxidized or reduced.
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The applied electric field initiates the breaking of sp2

carbon bonds, perhaps at the middle (longitudinal)
region of the side wall of the nanotubes, where a few
topological defects can act as the epicenter (Stone�
Wales defects). The above argument is supported by
molecular dynamic simulations on MWNTs31 and our
TEMmeasurements (Figure S10 D). This defect genera-
tion continues in the longitudinal direction due to the
field gradient, as evidenced by the subtle changes in
the voltammogram (Figure 5b) similar to the changes
seen in in situ Raman features. Broken SWNTs along a
straight line are stretched farther away by the tension
in the curved surface, which could result in the trans-
formation into graphene oxide layers.32 Cyclic voltam-
mograms for the oxidation of SWNTs within the
potential window from �0.7 to 0.7 V (vs mercury/
mercurous sulfate (MMS) reference electrode) show
surface-confined peaks at the beginning with a capa-
citance value of 50 F/g. However, after 7 h of oxidation
at a potential of 0.7 V, there is a large increase in the
capacitance (83 F/g), partly due to the change in sur-
face area originating from the morphological changes
and the remaining contribution due to the creation of
oxygen-containing moieties.
More significantly, the increase in nonfaradaic cur-

rent with time suggests subtlemorphological changes,
including that of the area. By keeping the potential at
0.7 V for 7 h, the oxidation of SWNTs generates an
enormous number of oxygen functionalities (mainly
for semiconducting types). At the end, interestingly the
open-circuit potential also increases by 55 mV, clearly
revealing the formation of many of these groups,
which usually happens because of the creation of
functional groups due to oxidation. Oxidative unzip-
ping, which increases the surface area per SWNT, also
enhances the capacitance, accounting for the increase
in area as well as the formation of functional groups
(especially, oxygen-containing functional groups).
After selective reduction of SWNT oxide at �0.7 V for
7 h, there is a gradual decrease in the capacitance
ascribed to the removal of oxygen functionalities (from
X-ray photoelectron spectra in ref 18) from unzipped
tubes implying faster kinetics compared to that dur-
ing the oxidation step.33 Peaks at �0.57 and �0.38 V
correspond to oxygen reduction and hydroxide
formation.
In addition to the electric field effects as addressed

above, structural characteristics of SWNTs such as
chirality and diameter could also lead to specified
preferences for the unzipping process, as evidenced
by the in situ Raman spectroscopic measurements. In
order to clarify their influence and to understand
further the fundamental role of oxygen in unzipping,
we have performed calculations using the spin-polarized
density-functional tight-binding (DFTB) method. On
the basis of geometrical optimization of three sets
of SWNTs with different chiralites and diameters,

relative energy changes in forming epoxy groups on
the outer walls were studied. We classify carbon nano-
tubes by their diameter into three sets; the first set
includes chiralities (4, 4), (5, 2), and (7, 0), the second set
(5, 5), (6, 3), and (9, 0), and the last set (6, 6), (7, 4), and
(11, 0). All three sets of SWNTs have lengths between 2
and 3 nm. Both ends of the SWNTs are terminated
chemically by hydrogen atoms.
By forming epoxy groups on graphitic carbon struc-

tures, the underlying sp2 carbon�carbon bonds will be
elongated; thus SWNTs can be unzipped, or cut, by
oxidation into graphene nanoribbons with specific
width depending on the structures of SWNTs.34 It is
shown that, by preferential aligning, the total energy of
epoxidized SWNTs could be lowered.35,36 As illustrated
in Figure S14, there are several possible pathways for
cutting by binding oxygen atoms, as described by their
relative orientation to the axis of SWNTs. In the first set
of SWNTs for example, there are two cutting directions
for armchair (4, 4) nanotubes, with different angles to
the axis, 0� and 30�, respectively. For chiral (5, 2)
SWNTs, angles are 16.1�, 52.9�, and 76.1�, and for
zigzag (7,0) SWNTs, the angles are 30� and 60� for
zigzag nanotube (7,0). The other two sets have similar
cutting mechanisms with multiple pathways. All the
structures have been optimized, and the most stable
structures in the first set of SWNTs and their oxidized
derivatives are shown in Figure 6. For the armchair and
chiral SWNTs, the ground states of the products are
closed-shell singlet, while for zigzag ones, quintet
states with four unpaired electrons on the nanotube
ends are preferred energetically. The energies of epox-
idized structures with one and two oxygen atoms are
listed in Table S2.
According to the Bell�Evans�Polanyi (BEP) princi-

ple, the difference in activation energy between two
reactions of the same family is proportional to the

Figure 6. Optimized configurations of (4, 4), (5, 2), and (7, 0)
SWNTs with nO (n = 1, 2) by self-consistent charge formal-
ism (SCC-DFTB-D). These chiralities were chosen so that the
nO addition is visually identifiable along with clarity in the
direction of oxygen addition. A number of various chirali-
tites were used for the DFTB-D study of the dependence of
the nO binding energy on the oxygen attachment direction
and diameter of the SWNT.
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difference of their enthalpy of reactions. Thus the
binding energies calculated here offer explicit evi-
dence to assess the reaction barrier of SWNT oxida-
tion.37 This is confirmed by direct comparison between
calculated binding energies and reaction barriers using
the climbing nudged energy band (CNEB) method
using the first-principles method (details given in the
Supporting Information as text and Figure S15). From
the results we can clearly see that, for SWNTs with the
same chirality, it turns out that SWNTs with smaller
diameters have higher oxygen-binding energies; that
is, one oxygen cutting through epoxidation is energe-
tically more favorable for SWNTs with smaller di-
ameters than those with larger diameters. As an
example, Eb for (7, 0) is 5.1436 eV, while for (9, 0) and
(11, 0), it is 4.3011 and 4.1384 eV, respectively. For all
structures under investigation, we find the direction of
epoxidation prefers to be aligned to the nanotube axis.
There is also a distinct dependence of Eb on the
angle of chirality θ (for a nanotube with chiral index
(n,m), θ = tan�1[

√
3m/(mþ 2n)], e.g., θ = 0� and 30� for

zigzag and armchair CNTs, respectively) of an SWNT, as
shown in Figure S16. As the chiral angle of graphene
lattice increases, Eb decreases and the binding of
oxygen atoms through epoxy groups is less preferred.
In order to correlate the DFT calculations with

the in situ Raman spectroscopic observations, we have
performed similar calculations for SWNTs with the
chiralities, the same as in the Raman studies
(Table S3 and Figure S17). The calculations matched well
with our experimental results for certain SWNTs, as the
binding energies of 2O addition for (12, 0), (12, 5), and
(11, 7) with relatively large diameters are 9.65, 9.86, and
9.90 eV, whereas for (9, 3), (10, 1), and (10, 4) the
binding energies are 10.47, 10.14, and 10.20 eV, re-
spectively (Figure 7). The data indicate that, for the first
three SWNTs, oxygen addition is more difficult when
compared to the later ones. The energetics of oxygen
addition is a direct measure of the ease of unzipping;

that is, (9, 3) and (10, 1) can be be unzipped with lesser
energy (low electrode potentials), whereas (12, 5) and
(11, 7) need relatively higher energy to get unzipped.
These structural characteristics, with additional effects
of the applied field clarified above (not included in the
calculations), and potentially the interaction between
substrate and SWNTs38 determine the preference of
oxidation and cutting processes of SWNTs.

CONCLUSIONS

Here we report an in situ Raman spectroscopic and
microscopic investigation of the electrochemical un-
zipping of SWNTs. From careful observation of the
RBMs and by using inputs from resonant Raman
scattering theory, we understand that two types of
metallic SWNTs with chiralities (10, 4) and (12, 0) are
opened up rapidly at 0.36 V followed by a gradual
opening of another twometallic SWNTs with chiralities
(9, 3) and (10, 1) at 1.16 V. This is again followed by the
slow unzipping of another two kinds of semiconduct-
ing nanotubes with chiralities (11, 7) and (12, 5) at a
relatively high potential (�1.66 V). It has been observed
that smaller size SWNTs are unzipped at relatively low
electrode potentials. A gradual decrease in the metal-
licity of the SWNT ensemble was confirmed from the
careful observation of the width of the G band. An
increase in the D (defect) bandwith retention of the 2D
band suggests unzipping of nanotubes forming gra-
phene ribbons. A CV study confirms selective oxidation
of SWNTs at an applied potential of 0.7 V for 7 h.
Oxidative unzipping is evidenced by the improvement
in capacitance. In the next reduction step, SWNT-oxide
becomes graphene, which is clear from the subtle
changes in the voltammograms with a decrease in
the capacitance. On the basis of DFTB calculations, we
show that there is a dependence of the diameter and
chirality of an SWNT on the binding energies of single
and double oxygen atoms as in-line epoxy groups. This
trend is similar to the in situ Raman spectroscopic

Figure 7. Dependance of oxygen binding on the diameter of SWNT. Variation of the binding energy (Eb) of the SWNTsþO (n = 1,
blue data) (a) and (n = 2, maroon) (b) with the diameter of SWNTs.
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observations, suggesting that the mechanism of un-
zipping is likely to be the formation of epoxides on

SWNTs and their successive transformation to gra-
phene ribbons.

METHODS AND MATERIALS

Preparation of the SWNT Sample. The sample of SWNTs from
Carbon Nanotechnologies Inc., which is a mixture of semicon-
ducting and metallic nanotubes, was purified according to the
following protocol. The mixture was heated for 12 h at 250 �C in
a furnace. It was further treated with 15mL of concentrated HCl,
thereby removing the metal catalysts as their chlorides. The
acid-treated sample was then filtered using a membrane
(0.2 μm pore size) filter to obtain bucky paper, which was
neutralized with a 1 M solution of NaHCO3, until the filtrate
showed a pH greater than 7.0. The unreacted acid was removed
followed by washing with copious amounts of water. The
residue collected was dried at 70 �C for 6 h and preserved
under vacuum until further use. The dispersion of the purified
SWNT was prepared by taking 1 mg of the sample in 10 mL of
dimethyl formamide (purchased from Qualigens) and sonicat-
ing it for 2 h with control over temperature.

Electrochemical Cell for in Situ Raman Measurements. A 50 μL
sample of the SWNT dispersion in DMF was drop casted on
the working electrode of the electrochemical cell. The cell was
designed in such a way that both the electrodes (working and
counter) are on the conducting side of the indium-doped tin
oxide coating (conductivity of 40 Ω cm�1, purchased from
Nikon Sheet Glass Ltd.). We made a discontinuity on the
conducting side of the glass slide by removing the conducting
layer by scratching to create the electrodes (inset of Figure 1).
The cell was covered with a coverglass, through which the
process of unzipping can be observed using Raman spectros-
copy. Three sides of the cell were sealed with Teflon tape to
make it a cavity with one side open in order to allow the inser-
tion of the electrolyte. The electrolyte (0.5 M H2SO4) was
injected into the cell with the help of a syringe, which was then
distributed into the cell by means of capillary action as a cell
column thickness of around 0.15 mm was used. A coverglass-
corrected (¥/0.17) 100� oil immersion objective (NA 1.3) whose
working distance is 0.23 mm was used for spectral measure-
ments. The potential was applied using a dc source in the range
�5.0 to þ5.0 V.

Confocal Raman Spectroscopy and Imaging. Confocal Ramanmea-
surements were done with a WiTec GmbH, CRM RS300 instru-
ment having a 532 nm Nd:YAG laser as the excitation source.
The effective scan range of the spectrometer was 0�3800 cm�1
with a 600 grooves/mm grating, and the dispersed light in-
tensitywasmeasured by a Peltier-cooled charge coupled device
(CCD). Raman imaging was done using the same grating, with
an integration time of 100 ms. The piezoelectric scanner with
maximum scanning area of 100 μm � 100 μm enabled the
movement of the electrochemical cell (which is at the focal
plane of the objective) for scanning. Each image contains
200 pixels in 200 lines (40 000 pixels) with each pixel having a
Raman spectrum of a particular spatial position. Single-spot
spectra were also acquired with larger integration times.
For improved resolution and to ascertain peak positions,
1800 grooves/mm gratingwas used while acquiring single-spot
spectra. The intensities of the desired portion of the spectra,
collected over all of the pixels, were compared by Scan CTRL
Spectroscopy Plus Version 1.32 software, to construct color-
coded images. Also, the image corresponding to various fea-
tures of graphene, namely, RBM I, RBM II, RBM III, D, G, and 2D,
was filtered from the image using WiTec Project 3.2.

Transmission Electron Microscopy. TEM imaging was performed
using a JEOL 3010 instrument. The accelerating potential used
for imaging the graphene ribbons was 200 kV. The sample was
drop cast on a copper grid and was dried in ambient conditions
prior to the TEM analysis.

Density Functional Theory Calculations. All calculations here are
carried out using the DFTBþ program.39,40 DFTB is an ap-
proximate density functional theory method based on the

tight-binding approach that utilizes an optimized minimal
linear combination of atomic orbital (LCAO) Slater-type all-
valence basis set and a two-center approximation for Hamilto-
nian matrix elements. The Coulombic interaction between
partial atomic chargeswas determined using the self-consistent
charge (SCC) formalism. Slater�Kirkwood-type dispersion was
employed for van derWaals and π�π stacking interactions. This
approach has been shown to give a reasonably good prediction
of carbon nanostructures and their functional derivatives.41,42
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AMRIT (Arsenic and heavy Metal ion Removal by 
Indian Technology) 
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InnoNano Research Pvt. Ltd. has started 
production 

  



 

 

Arsenic and Metal Removal by Indian Technology – AMRIT, is a drinking water 

purifier for communities. It is undergoing installation in arsenic affected regions of 

West Bengal. It was co-created by IIT Madras and InnoNano Research Private 

Limited, an IIT Madras incubated company. 

 

  



 

  

A community unit undergoing field trials in West Bengal. 

  



 

 

 

 

 

The final prototype installed in the district headquarters of Mursidabad district in 

West Bengal.  
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A purifier that yields arsenic-free water

T. Nandakumar

IIT-Madras getting ready for its commercial launch

Scientists at the Indian Institute of Technology, Madras (IIT-M) are gearing up for commercial release of an
affordable nanotechnology-based water purifier that can address the problem of arsenic contamination, a threat to
drinking water sources and an emerging health hazard in several parts of the country.

The Arsenic Task Force of the West Bengal government has certified and approved the purifier developed by the
IIT-M. “The pilot phase is over, and we are now preparing to take it to the market,” T. Pradeep, Professor,
Department of Chemistry, who heads the research group working on water purifiers, said.

The team has incubated a company at the IIT-M to commercialise the technology, Dr. Pradeep told The Hindu here
on the sidelines of the Nano India conference organised by the Department of Science and Technology and the
National Institute for Interdisciplinary Science and Technology (NIIST) this week.

The purifier developed by the IIT-M uses iron oxyhydroxide, a nanostructured material, to remove arsenic from
drinking water. It functions without electricity or piped water supply. Dr. Pradeep said it could provide arsenic-free
water at an approximate cost of five paise a litre. “Over the next few years, we hope it will benefit at least 10 per cent
of the people living in arsenic-contaminated areas.”

The IIT-M-incubated company will commercialise the technology with partners who can take up distribution.

The research group has also come up with a nanomaterial-based fluoride water purifier. “It will take some more
work for field implementation of this purifier. We expect the technology to be ready in six months.”

Praveer Asthana, Director of the Nano Mission under the Union Department of Science and Technology, said the
water purifiers developed by the IIT-M highlighted the relevance of industry-institution projects in the
nanotechnology sector to deliver affordable, efficient solutions.

Dr. Pradeep said nanomaterials could play a key role in low-cost solutions to remove water contaminants. “They
interact with the contaminant to remove it within a very small contact time. It is also possible to tune the chemistry
of any of these materials so that they can attack a wide spectrum of contaminants.”

The IIT-M has already developed and commercialised a nano silver-based water purifier that breaks down pesticide
residue.
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The research team is working on an all-inclusive water purifier to address a wide spectrum of contaminants such as
pesticides, mercury, cadmium, lead, fluoride, and arsenic. The group is collaborating with scientists working on
other methods of water purification such as reverse osmosis, membranes, and solar and thermal technologies.

A company has been incubated at IIT-M for commercialisation

IIT-M has developed nanomaterial-based fluoride water purifier

Ads by Google
Exclusive Homes@Chennai
4BHK Ultra Luxury Apartments @ "The Gardenia" in Anna Nagar
www.ozonegroup.com/gardenia
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